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Abstract 
Transmission electron microscopy (TEM) has been used to investigate 
the assumptions made in several branches of geophysics, concerning the 
behaviour of materials. TEM observations made on shocked olivines and 
pyroxenes show that a number of the assumptions made in the application 
of the results of experimental studies of. shock-induced phase 
transformations are incorrect. TEM studies of titanomagnetites have 
also shown that the interpretation of the magnetic properties of these 
oxides may be complicated by their exsolution microstructures. 
TEM of the black veins of the Tenham meteorite, reveals that the 
minerals have undergone varying degrees of shock. Orthopyroxene has been 
transformed to its high-density, garnet-structure polymorph, majori te, 
and olivine has been transformed to its high-density, spinel polymorph. 
The majori te, which occurs with both equant and dendri tic habit, is 
associated with a glassy phase, from which it crystallized, and with a 
microcrystalline clinopyroxene aggregate, produced from the majorite 
upon the release of pressure. Similarly the spinel polymorph of olivine, 
has subsequently inverted to the p-phase polymorph, on pressure release. 
The mechanisms for high-pressure, high-strain rate transformations, and 
their implications to shock experiments, are discussed, and it is 
concluded that many of the inferences made from the results of shock 
experiments are likely to be in error. 
A survey of the exsolution microstructures, developed in 
titanomagnetites, is presented. These microstructures generally consist 
of a three-dimensional, lamellar framework of ulvospinel and magnetite. 
The implications of exsolution and oxidation, to the magnetic properties 
of titanomagnetites, are dicussed . The likely mechanisms of 
microstructural development in titanomagnetites are investigated, and a 
kinetic model to describe the evolution of exsolution-derived 
microstructures is advanced. In order that the kinetic model could be 
evaluated, the diffusion and phase data for the titanomagnetite system 
was investigated, and finally the sizes of the ulvospinel lamellae, 
developed in some ti tanomagneti tes were used to determine the thermal 
history of their host rocks, by solving the diffusion equation 
describing lamellar growth. 
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Chapter 
Prologue 
The nature and scale of the microstructures, or fine scale textures, 
developed in minerals have traditionally been used to define, in a 
quali ta ti ve way, the likely pressure and temperature history of the 
minerals' parent rock. In some cases, however, it is possible to obtain 
more quantitative data on the history of a material through the applica-
tion of transformation process theory, McConnell ( 1975). This theory 
deals with the precise physical description of the actual behaviour of 
materials in terms of time, temperature and pressure, and is equally ap-
plicable to all processes, whether they occur under equilibrium condi-
tions, or not. Transformation process theory has been used for some time 
in metallurgy, but its application to more complex silicates and oxides 
is relatively recent. In metallurgy, the starting conditions and thermal 
history are generally well known, and transformation process theory is 
used to categorise the resultant microstructures. In mineralogy and 
petrology, however, the reverse is true; the microstructures are known, 
from which the pressure and temperature history must be deduced. In 
spite of the fact that many metal systems have been thoroughly studied, 
some transformational behaviour appears to be unique to mineral systems, 
particularly to minerals where the extremely sluggish nature of their 
kinetics prevents equilibrium transformations occurring , even on the 
geological time scale. 
• 
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As indicated above, transformation process theory describes not only 
the ideal, sub-solidus behaviour of a given material, transforming under 
reversible conditions, but also describes the metastable, or unstable 
behaviour of a material. Metastable behaviour cannot be characterized on 
an equilibrium phase diagram, and consequently is frequently considered 
unpredictable. The situation is, however, generally quite the contrary, 
and metastable behaviour can often be defined more rigorously in time-
temperature-pressure terms, than can the equilibrium behaviour, despite 
the highly irreversible nature of the thermodynamics of metastable 
transformations. In fact, there are examples where metastable behaviour 
seems to be the rule (Putnis, 1977, 1978), and in these circumstances 
the existence of metastable behaviour can only be understood in terms of 
an analysis of the factors which render the ideal, equilibrium state 
inaccessible, namely the mechanisms and kinetics of the processes in-
volved. 
In the context of transformation process theory, the study of trans-
formational mechanisms is concerned with the athermal aspects of the 
transformational processes. These include the crystallographic rela-
tionships of parent and product phases, as well as their distribution 
and spatial dimensions. A considerable amount of information on the 
mechanistic features of a transformation can be obtained from transmis-
sion electron microscopy ( TEM) . The study of the kinetics involved in 
transformational processes is, however, generally less easy. It is un-
fortunate that diffusion and reaction rate data are lacking for many 
mineral systems, since it is these data which would provide the 
petrologist with a powerful tool for the detailed, quantitative in-
vestigation of the pressure and temperature history of minerals and 
rocks. Indeed, for this purpose, the usefulness of a mineral is likely 
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to increase in direct proportion to the complexity of its transfor-
mational behaviour, each mode of behaviour being characteristic of a 
well defined thermal or pressure history. 
A detailed knowledge of mineral behaviour is important not only in 
geological fields, but also in industry, where silicates and complex ox-
ides are becoming increasingly important as ceramics and semi-conduc-
tors. In the industrial context, behavioural studies are being carried 
out on such materials as cordierite (a ceramic of low thermal expan-
sion), garnets and ferrites (magnetic phases) and cadmium-copper sul-
phides (solar cells). In earth sciences, naturally, mineral studies of 
inherent interest to nearly all branches are occurring. In this study, 
however, the behaviour of some minerals of general i~terest to 
geophysics will be outlined. In particular, the minerals studied, and 
the inferences drawn from the observations made, have important implica-
tions for plate tectonics, palaeomagnetism and heat flow studies. 
Many aspects of plate tectonic theories, formulated from observation 
and experiment, are based upon untested assumptions concerning the 
response of rock-forming minerals to changes in their environment. Much 
effort has been put into the study of global phenomena; however, rela-
tively little attention has been paid to the behaviour of the mineral 
species responsible for such phenomena. The study of the microstructures 
developed by minerals in response to changes in their physical and 
chemical environment can, however, be used to test the assumptions made 
in the formation of global theories. Of particular interest to the 
theories of plate tectonics, is the behaviour of the mantle-forming 
minerals olivine (Mg2Si04) and pyroxene (MgSi03). In this study , TEM 
has been used to investigate the microstructures developed in these 
minerals, with particular emphasis on the microstructures produced in 
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these minerals when subjected to high pressure (>100 kbars), comparable 
with mantle pressures. The observations, made using TEM, will be 
outlined in Chapter 2, and the implications of the discoveries made in 
this study, to geophysical experiments and theories will be discussed. 
Another region of research, · which is of great importance in the 
development of plate tectonic theories, is the study of the Earth's past 
magnetic field. These palaeomagnetic studies rely on the record of the 
Earth's field preserved as fossil magnetization in many types of rocks. 
Although most rock-forming minerals are not magnetic, nearly all rocks 
exhibit some magnetic properties, because of the presence in them of 
various iron-titanium oxides. TEM has been used to study the exsolution-
derived microstructures developed in some of these oxides, specifically 
the naturally occurring ferrites, titanomagnetites (Fe2Ti04-Fe3o4). The 
results of this survey will be presented in Chapter 3. In addition, the 
effect that the exsolution-derived microstructure may have on the mag-
netic properties and the palaeomagnetic signal carried by these oxides, 
will be discussed. As outlined above, transformation process theory can 
enable the thermal history of a mineral to be quantified from the 
microstructures which it carries, if the mechanism by which the 
microstructures developed is understood and if sufficent kinetic and 
phase data are available. To this end, the mechanisms of exsolution in 
titanomagnetites, and the relevant kinetic and phase data for the 
system, wili be discussed in Chapters 4 and 5. Finally in Chapter 6, a 
kinetic model will be developed, to enable the thermal history of 
titanomagnetites to be quantified from the scale of the exsolution tex-
ture that they exhibit. The values of the cooling rates obtained from 
this model, will be compared with those obtained from heat flow 
modelling . 
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Thus, although two very different examples of mineral behaviour are 
to be outlined, they both illustrate the importance of a full and 
detailed knowledge of the microscopic nature of mineral behaviour to 
fields which are primarily concerned with megascopic phenomena. Such a 
detailed knowledge of mineral behaviour, however, can only be obtained 
~Y combining the results of several mineralogical techniques. In the 
course of this present study, TEM has proved to be the most useful 
method with which to study mineral behaviour. 
PART I 
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Chapter 2 
High Pressure-High Strain Rate Transformations in 
Olivine and Pyroxene 
2.1 Introduction 
It is generally agreed that olivine, of approximate composition 
(Mg,_ 8Fe0 . 2 )Si04 and, to a lesser extent, non-calcic pyroxene 
(Mg,Fe)Si03 , are the major minerals in the earth's upper mantle. Struc-
tural changes which may occur in olivine and pyroxene as a function of 
increased pressure will involve the formation of denser, structurally 
more compact, phases, and will therefore have important consequences on 
the properties of the mantle. Seismic data indicate · that changes in 
seismic velocity, and hence mantle density, occur at depth, with a major 
discontinuity at ~ 400 km, corresponding to pressures of ~ 130 kbars and 
temperatures in the vicinity of 1500 °c (Ringwood, 1975). This discon-
tinuity is considered to be a result of pressure-induced phase transfor-
mations in · ~he mantle-forming minerals. More recently, it has been 
proposed that the increase in density, brought about by phase transfor-
mations, may be one of the mechanisms for generating deep focus earth-
quakes (Ringwood, 1976, and references therein) , and may al so provide 
the driving force for the sinking of oceanic crustal slabs in plate tec-
tonics (e.g. Schubert et al., 1975). The validity of interpretations of 
this kind, however, depend, to a large extent, on the mechanisms and 
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kinetics of the phase transformations which occur. In order to study 
the mechanisms involved in these transformations, a detailed TEM survey 
of the phases is required. However, as far as the author is aware, prior 
to this study no ~lectron microscope investigations had been made on the 
high-density polymorphs of olivine and pyroxene, despite the fact that 
it is possible for the phase transformations to be achieved experimen-
tally, using high pressure and high temperature apparatus. Recently, 
however, Poirier and Madon (1979) have presented the results of a brief 
TEM study of the naturally occurring, high-density polymorph of olivine. 
The olivine structure can be described in terms of hexagonal close-
packed oxygen atoms, with Si occupying one-eighth of the tetrahedral 
sites, and (Mg,Fe) in one-half of the octahedral sites (Deer, Howie and 
Zussman, 1962). In the spinel structure, the oxygens are approximately 
cubic close-packed, with the cations in the same coordination as in 
olivine. The transformation from olivine to spinel does not, therefore, 
involve a change in the coordination number of the cations, which is 
unusual in high-pressure phase transformations, involving large density 
changes. The density increase of -10% achieved in transforming to the 
spinel structure, is accomplished by changing the relative distribution 
of the cations in the available sites, such that the linkages between 
cation coordination polyhedra form a more rigid and compact structure 
(Sung and Burns, 1978). 
The phase diagram for the Fe2Si04-Mg2Sio4 system is shown in figure 
2.1. At the forsterite, (Mg2Si04)-rich end of the system, which is most 
relevant to mantle studies, an intermediate ~-phase, which has a 
'modified spinel' structure (Moore and Smith, 1970), is formed prior to 
the formation of the spinel, or i-phase. The temperatures and pressures 
at which the olivine to spinel and/or p -phase transformation occurs , are 
Figure 2.1 
Schematic diagram showing the phase relations in the system 
Mg2Sio4-Fe2sio4 at - 1000°c. The extent of the p -phase stability field is 
greatly reduced at lowe.r temperatures (after Ringwood and Major, 1970). 
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consistent with conditions in the mantle at depths of :.e400 km, and it 
has been suggested that this transformation is partially responsible for 
the seismic velocity discontinuities which have been observed at these 
depths. Another phase change considered to occu_r at these pressures is 
the pyroxene to garnet phase transformation (Ringwood and Major, 1966). 
(Mg,Fe)Si03 is a chain silicate at low pressures, with Si04 tetrahedra 
joined in single chains, by the sharing of tetrahedral corners. At pres-
sures above ~100 kbars, however, the pyroxene structure has been found 
to transform to the more dense, and structurally complex, garnet struc-
ture. Unlike the olivine and spinel structures, both of which are based 
on a close-packed oxygen framework, there are no structural similarities 
between garnet and pyroxene. 
High-pressure phase transformations can be studied experimentally by 
both static and shock techniques. The static experiments are generally 
carried out with a diamond anvil cell, with laser heating and pressure 
calibration. Pressures of several hundred kilobars are obtainable, with 
0 . temperatures of the order of 1000 C. In some cases, at pressure, X-ray 
studies of the product phases are possible. Higher pressure regime 
phase · transformations can be studied by shock experiments, with the 
shocks produced directly or indirectly by high explosives, which can 
generate pressures up to several megabars. Although these pressures are 
maintained for very short periods ( usually less than a microsecond) , 
they are sufficent to permit the measurement of important properties, 
such as the pressure-density relationships, and the hydrodynamical sound 
velocities within the shocked phases. The corresponding temperatures 
produced by the shock are, however, less easily measured (Ringwood, 
1975). The calculations required to obtain these data from the raw ex-
perimental results involve a considerable degree of uncertainty. 
Despite this, however, the results of these experiments have been widely 
applied to geophysics. It is the aim of this study to examine the 
behaviour of olivine and pyroxene when subjected to high pressure shock , 
and to assess the validity of some of the assumptions made in applying 
the results of shock experiments to earth science. 
2.2 Shock experiments on olivine and pyroxene 
The fundamental equations applying to the propagation of shock waves 
through a medium are known as the Rankine-Hugoniot relationships 
(Steffler, 1972). These relationships allow the determination of the 
pressure and energy of a shocked material as a function of volume, and 
define the so-called Hugoniot equation of state of the material. This is 
the locus of all P-V states which may be reached, from a particular ini-
tial condition, by means of a single shock compression. By carrying out 
a number of separate experiments, using shocks of differing intensity, a 
series of P-V determinations can be made; thus defining the Hugoniot of 
a mineral. Figure 2. 2 shows a typical Hugoniot curve for a silicate 
mineral, which undergoes a transformation to a high-density phase at 
higher pressures. From PO to P 1 the low-density crystalline phase is 
stable, but from P1 to P2 , there exists a region of anomalous compres-
sibility, which has been interpreted as corresponding to a two- phase 
field, in which the low-density phase is transformed to a higher density 
phase. Above P2 , the silicate has been as~umed to exist only in the 
higher density form (Gr ady, 1977). Hugoniot curves have been obtained 
for both olivine (Ahrens et al., 1971; Jeanloz and . Ahrens, 1977) and 
pyr oxene ( Ahr ens and Gaffney, 1971) . For olivine, it has been found, 
tha t t he high density phase i s f ormed above 800 kbars, and f or pyr oxene 
Figure 2.2 
A typical Hugoniot curve for solids, which undergo a phase change at 
high pressures. The low-density phase is untransformed at pressures 
below P1, while the high-density phase is produced above P2 . The 
pressure range P1 to P2 is an interval of anomolous compressibility, in 
which the high- and the low-density phases co-exist. A release adiabat 
is shown, schematically, by the dashed, arrow-headed curve. 
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the high pressure regime occurs above 350 kbars. Both of these pres-
sures are in excess of the pressures at which olivine and pyroxene are 
found to transform to high-density polymorphs in static experiments. 
Upon pressure release, the P-V states of the release-adiabat can be 
determined. However, during this stage, it has proved impossible to 
retain the shock-produced, high-density phases, and the material 
retrieved at the end of the experiment is generally either a highly 
deformed crystal of the low-density phase, or a glass. These so-called 
diaplectic, or thetamorphic, glasses are generally considered to be 
reversion products of the corresponding high-density, crystalline phases 
(Steffler, 1972). Thus, although shock wave data appear to be of value 
in demonstrating the occurrence of phase changes in silicates, at pres-
sures well beyond the range of static pressure apparatus, they do not 
serve to identify the nature of the high-density phases. Indirect 
methods based on germanate analogue studies (Ringwood, 1970) and crystal 
chemistry have, however, been used to complement shock-wave data, and 
possible structures for shock-produced phases have consequently been in-
ferred. The inferred structures have all been assumed to be crystalline 
(Steffler, 1972). 
During shock experiments, peak pressures are maintained for periods 
which are generally less than a microsecond (<10-6 sec). This period is 
extremely small compared with the times normally required for the at-
tainment of chemical equilibrium, and although intense shear and high 
temperatures associated with the shock undoubtedly accelerate the reac-
tion rate, it is extremely unlikely that chemical equilibrium is 
achieved under shock conditions. Thus, for example, the known transfor-
mation of olivine to spinel has not been observed under experimental, 
shock condit i ons. This transformation, however, has been reported to 
have occurred in some naturally shocked meteorites (Binns et al., 1969). 
It is generally true that the pressures, at which many transformations 
are completed under shock, are much higher than the equilibrium pres-
sures inferred from static experiments. Thus, in shock experiments on 
silicates, it is necessary to overstress the specimen far beyond the 
equilibrium transformation pressure before transformations become com-
plete. Nevertheless, the transformations, when they do occur, have been 
assumed to yield the equilibrium, high-density, crystalline phase 
(Steffler, 1972), al though in the case of olivine, pyroxene and most 
other silicates, this has never been proved. 
It appears, therefore, that there exists a degree of doubt whether 
shock experiments produce the phase transformations that, in the past, 
they have been assumed to produce. In order to ascertain the exact na-
ture of shock-induced processes, TEM should be employed to study the 
products of the shock experiments. However, al though a considerable 
amount of data exists on the Hugoniot and release adiabat curves of 
pyroxene and olivine, from which phase transformations have been in-
ferred, very little work has been done to determine the mechanisms of 
the transformations from direct observations of the micro structures. 
Jeanloz et al. (1977) have recently studied a number of experimentally 
shocked olivines by TEM, in an attempt to clarify the processes which 
occur in olivine during shock. In their study, they discovered patches 
of glass, but no trace of a high-density crystalline phase. They were 
also unable to produce a satisfactory model: to describe the processes 
involved in shock transformations. Jeanloz ( 1979) has also suggested 
that the reported occurrence of the spinel polymorph of olivine in some 
naturally shocked meteorites is a misidentification, and has concluded 
that the shock of olivine did not produce the spinel polymorph, but a 
-12-
complex aggregate of other phases. In order to resolve this controver-
sy, and to gain a fuller understanding of the processes involved in 
shock induced phase transformations, TEM has been used to study 
naturally shocked olivines and pyroxenes in the Tenham chondritic 
meteorite (Price et al., 1979; Putnis and Price, 1979). 
2.3 The Tenham chondritic meteorite 
The Tenham meteorite is a white oli vine-bronzite chondrite, ( bron-
zite is the name given to non-calcic pyroxenes of composition between 
Mg0 . 9Fe0 . 1sio 3 and Mg0 . lea. li03 ), belonging to group L6 of the van 
Schmus and Wood classification ( 1967). Consequently, the meteorite is 
distinctly recrystallized; its original chondritic structure is poorly 
preserved and the mineral phases homogeneous in composition (Binns, 
1967). The meteorite consists of a granoblastic assemblage of olivine, 
orthopyroxene and plagioclase, with minor amounts of iron-nickel alloy, 
troilite, aluminous chromite, chlorapatite and whitlockite. It is 
characterized by the presence of a network of thin black veins running 
randomly throughout the entire meteorite. These veins enclose small, 
rounded, multiphase fragments, many of which contain microscopic blue 
grains (with radii of less than 100pm). These blue grains have been 
identified, . on the grounds of their X-ray characteristics, as being 
polycrystalline aggregates of ringwoodite, the spine!, or -/ -form of 
(Mg,Fe) 2Sio4 (Binns et al., 1969; Binns, 1970). The material, of which 
the bulk of the black veins are composed, has been similarly identified 
as majorite, the garnet form of (Mg,Fe)Si03 (Binns, 1970). Finely 
dispersed droplets of troili te and iron-nickel alloy are also found 
within these veins . 
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As stated above, both o' -(Mg ,Fe) 2sio4 and the garnet polymorph of 
(Mg,Fe)Si03 have been produced experimentally, and have stability fields 
at pressures in excess of 100 kbars at 1000 °c, thus indicating that the 
formation of the black veins was a result of a high-pressure event. This 
conclusion is fuither supported by the fact that plagioclase, in the 
meteorite, has largely been converted to the diaplectic glass, 
maskelynite (Steffler , 1972). The proportion of plagioclase which has 
been transformed to maskelyni te increases towards the black veins. In 
addition, in the immediate surroundings of the veins, martensitic etch 
textures can be seen in kamacite grains (Binns, 1970). From these fea-
tures, it can be inferred that a considerable pressure gradient existed 
adjacent to the black veins. The origin of the high pressure mineralogy 
of the veins, and the pressure inhomogeneities, which are inferred to 
have existed within the meteorite, can be explained in terms of the ad-
ditive interaction of shock-wave fronts passing irregularly through the 
polycrystalline parent body as a result of a high energy, extra-ter-
restrial impact (Fredriksson et al., 1963; Binns, 1970). Fredriksson et 
al. (1963) suggest that the black vein material, found in some 
meteorites, was not the result of a thermal melt, but had a cataclastic 
origin; al though, because of their higher compressibili ties, .the sul-
phides present in the veins may have melted. However, Ashworth and 
Barber (1975) suggest that comparable thin, dark veins are the result of 
shock-induced melting, followed by recrystallization from the melt. 
Since the individual crystals of the silicate phases, which comprise 
the black veins and the regions they enclose, are so fine-grained, 
little is known of the nature of the internal and external textures of 
the grains. In this study, TEM has been used to observe the silicate 
phases of the shocked veins, in order to determine the exact nature of 
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the silicate mineralogy, and to study the microstructures developed 
within them. From the microstructures and interrelationships of the 
grains, possible mechanisms for the formation of these high-density 
minerals have been inferred. The relationship between the transformation 
mechanisms deduced from the microstructures of naturally shocked 
minerals and the mechanisms involved in the formation of experimentally 
shock-produced phases, will be discussed. 
2.3.1 Experimental Techniques 
Thin sections (with thickness of 25-30µm) of the meteorite were made 
using Lakeside cement as the mounting medium. These were polished, and 
the veined regions were extensively photographed and the indi victual 
minerals analysed with an energy dispersive electron microprobe, com-
prising a Si (Li) detector and Harwell pulse processor. A 3mm titanium 
grid was glued to the part of the vein to be studied. The grid, with the 
vein material supported upon it, was removed from the slide and ion beam 
thinned, until a small hole within, or adjacent to, the vein had 
developed. The exact position of the hole having been established by 
reference to the original photographs, the specimen was examined in an 
AEI EM6G electron microscope. 
When the thinned regions had been studied, the specimen was again 
ion beam th{nned, ( using a low beam current and a low angle of in-
cidence), and re-examined by TEM. This process was repeated until little 
of the original specimen remained. In this way a complete traverse 
across a group of shocked minerals was achieved, and it was possible to 
correlate the observations made by TEM to those made optically , and to 
the analyses made on the electron microprobe. 
Figure 2.3 
a.) Part of the vein structure in the Tenham chondri te. The light 
areas represent the recrystallized chondri te, of which the meteorite is 
largely composed, and consists of olivine, bronzite, plagioclase (often 
as maskelynite) and opaques. Several rounded fragments of the matrix are 
enclosed by the black vein. 
b) A pressure gradient can be inferred to have existed adjacent to 
the black vein (V), from the fact that, as the vein is approached, 
olivines (0) grade from being highly birefringent, to being lowly 
birefringent, till finally they are replaced by the blue, spinel 
polymorph (S). The olivine adjacent to the spinel (S) is highly 
fractured, while further away the olivine is strongly striated, and 
exhibits undulose extinction. 
2.3.2 Optical observations and electron microprobe data. 
The black veins enclose many subrounded, polycrystalline fragments 
( figure 2. 3a and b); both fragments and black vein matrix may be frac-
tured and invaded by a later generation of troilite and iron-nickel al-
loy veins. 
The fragments retain the overall texture of the minerals in the body 
of the meteorite, but the individual minerals may be pseudomorphed by 
high pressure polymorphs. Olivine may be partially or completely 
replaced by an isotropic phase, identified as 1 -(Mg,Fe) 2Si04 , varying in 
colour from cobalt blue, through pale blue to colourless in different 
examples. This isotropic phase can be associated with olivine of reduced 
birefringence, or apparently unmodified olivine. All these varieties 
have virtually the same composition (Table 2. 1, analyses 1-4). Or-
thopyroxene may be replaced by an almost colourless, isotropic phase, 
identified as majorite, or by twinned clinobronzite (Table 2.1, analyses 
5-6). Occasionally, isotropic crystals of the compo~iti6n of sub-calcic 
pyroxene also occur (Table 2.1, analysis 7), All the plagioclase within 
the fragments and adjacent to them exists as isotropic maskelynite. 
All the crystals enclosed within, and adjacent to, the black veins 
are highly fractured. The majority of the fractures are irregular, but 
some olivine grains show fine-scaled parallel fractures, which are 
crystallographically controlled . The margins of the latter fractures 
have a slight blue coloration, which may be because of the incipient 
transformation of olivine to the "i -polymorph. Many of the pyroxene 
grains show undulose extinction, which is probably brought about by the 
development of a fine-scale mosaicism (Steffler, 1972) . This mosaicism 
is an internal fragmentation of the crystal structure associated with a 
Table 2.1 
Analyses of Tenham minerals by Dr S . O. Agrell 
No, 1 2 3 4 5 6 7 
MgO 39.42 38 .48 39 . CO 39 . 23 29 . 05 29.18 25 . 88 
Al 2o 3 0.00 
o . oo 0.00 0.00 0 . 83 0.00 o . oo 
Sio2 38 . 66 38 . 01 38 .90 38.17 55 . 25 56.03 56 . 55 
cao 0.00 0 . 00 0.00 0.00 0.63 0 . 73 8. 23 
Ti02 0.00 0.00 0 . 00 0 . 00 0 . 25 0.13 0 . 54 
MnO 0 . 24 0 . 37 0 . 39 0.46 0.32 0 . 39 0.54 
FeO 22 . 75 22 . 15 22.41 22.33 12.91 13 .67 8.27 
Total 100. 89 99 . 01 lCO . 70 100.19 99 . 24 100 . 13 100 .01 
1) Blue ringwoodite 
2) Colourless ringwoodite 
3) Low birefringent olivine 
4) Matrix olivine 
5) Colourless majorite 
6) Matrix pyroxene 
7) Sub-calcic pyroxene 
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mineral being shocked to pressures above its Hugoniot elastic limit. 
Study of the matrix of the black veins is restricted by the 
microcrystallinity of the constituent minerals (<2µm). In the thinnest 
of sections it seems to be composed of pale fawn 'micron'-sized, equant, 
isotropic crystals in a darker matrix, which may include composite 
droplets of troili te, kamaci te and taeni te. These may commonly con-
stitute up to 10% of the black vein and locally up to 50%, and always 
decrease in size towards the edge of the black veins. This is probably a 
quench effect. Electron microprobe analyses of the vein material are 
consistent with a multiphase assemblage whose low-density equivalents 
are, in decreasing order of abundance, bronzite, olivine, plagioclase, 
troilite, kamaci te and taenite. The latest assemblage to crystallize 
consists of discrete veins (0.5-10 pm in width) of troilite, including 
droplets of kamaci te and taeni te, which invade the black veins, their 
inclusions and associated matrix, in a manner suggestive of brittle 
fracture. This material probably has its source in the melted troilite-
kamacite-taenite areas in the meteorite adjacent to the black veins 
where melted, but immobilized, material of this composition can be seen. 
2.3.3 TEM observations 
The range of this study has been restricted to the silicate phases 
which occur in·, which are included in, or which are adjacent to the 
black veins of the Tenham chondrite. The microstructures developed by 
the minerals involved vary greatly, even on the electron-optical scale, 
because in a shocked, polycrystalline, multiphase rock, the pressure-
temperature-time profiles achieved in a particular mineral will vary 
locally due to stress-wave interactions at phase or grain boundaries, 
J 
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which cause local stress variations even within a single grain. Hence, 
particu, lar crystals of a polycrystalline aggregate will have individual 
pressure and temperature histories depending on their textural relation-
ships to adjacent grains. 
2.3.3.1 Shock effects in pyroxenes 
The microstructures developed in pyroxenes fall into two categories, 
a) those in which the pyroxene structure is retained, but modified or 
deformed, and b) those in which the pyroxenes have undergone a high-
pressure, polymorphic phase transformation. 
a) Modification and pyroxene deformation. Electron diffraction pat-
terns of pyroxenes adjacent to the black veins show them to be 
clinobronzites (space group P2 1/c) rather than orthopyroxenes. (The 
prefixes clino- and ortho- refer respectively to pyroxenes of monoclinic 
and orthorhombic symmetry. The prefix pro to- will be used to refer to 
yet another, structurally more complex, orthorhombic structure) . Two 
distinct microstructural types were found to have developed in these 
clinopyroxenes, i) a twinned microstructure, and ii) a highly deformed 
microstructure (figure 2.4a and b). 
i) The twinned clinopyroxene has fine-s<:ale, polysynthetic twins 
developed on ( 100) planes. The twins are no wider than 20nm. The 
selected area diffraction pattern (figure 2.4c) shows the development of 
* twinning and strong streaking parallel to a . Similar fine-scale struc-
tures have been observed in non-calcic clinopyroxenes by Ashworth and 
Barber ( 1977) , and can be interpreted as resulting from a martensitic-
like inversion from a high temperature polymorph, protopyroxene, during 
cooling at rates too rapid for the development of the stable low tem-
perature polymorph, orthopyroxene. It is likely that the protopyroxene 
Figure 2.4 
Electron micrographs of pyroxene polymorphs. 
a) Clinobronzite, with fine-scale, polysynthetic twinning on ( 100). 
The twinning is the result of inversion from protopyroxene. b) Highly 
deformed clinobronzite, with . a high dislocation density and mosaic tex-
ture. Viewed down the [ 110] zone axis of clinopyroxene. c) Electron 
diffraction pattern from the twinned clinopyroxene in (a), slightly 
rotated. d) Polycrystalline, equant majorite. This habit frequently 
occurs with intergranular glass. e) Dendritic habit of majorite. The 
majori te is intergrown with a glassy phase. The majorite branches are 
all part of a single crystal. f) Equant majori te grains, partially 
reverted to a retrograde glassy phase, which itself has partially 
devitrified to microcrystals of clinopyroxene. 
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was produced, possibly metastably (Ashworth and Barber, 1977), from the 
original orthobronzite by post-shock heat, and that the twinned 
clinobronzite formed by the inversion of the protopyroxene on cooling. 
Similar striated microstructures have been obtained during the ini-
tial stages of the deformational transformation of orthopyroxene to 
clinopyroxene , but these microstructures consist of a fine-scale inter-
growth, on ( 100), of clino- and orthopyroxene ( Coe and Kirby, 1975). 
The texture seen in the pyroxenes adjacent to the black veins, however, 
is not of this type. 
ii) The highly deformed clinopyroxene, figure 2. 4b, shows a high-
density of dislocations, low-angle subgrain boundaries and healed 
cracks. No open cracks were observed. Electron diffraction shows that 
there is a slight structural misalignment on either side of these boun-
daries, and it is suggested that these features correspond to the mosaic 
texture inferred to exist in the pyroxenes which show undulose extinc-
tion when viewed in the optical microscope. Twin-free regions of non-
calcic clinopyroxene have also been found in shocked meteorites studied 
by Ashworth and Barber ( 1977). These untwinned regions, in contrast to 
the twinned clinopyroxenes, are believed to have been formed by the 
deformation of the original orthopyroxene. Releigh et al. {1971) showed 
-4 -1 that geologically high strain-rate (?-10 sec ) deformation of or-
thopyroxene below 1000°c, leads to the formation of untwinned 
clinopyroxene. Coe and Kirby (1975) showed that the transformation was 
coherent and that the mechanism involved the glide of dislocations, with 
b=0.83[001] on (100). The development of a high dislocation density and 
subgrain boundaries is associated with the clinopyroxene, once formed, 
being shocked past its Hugoniot elastic limit, which involves structural 
fragmentation and the development of mosaicism. 
l 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
-19-
b) Pyroxene-majorite transition. TEM observations of the isotropic 
phases which have the pyroxene composition, and of the black vein 
material, show that they are composed largely of majorite. This phase 
was identified from its electron diffraction patterns, and was of space 
group Ia3d. The majorite occurs with two distinct habits, i) equant 
grains (figure 2.4d), and ii) dendritic grains (figure 2 . 4e). 
i) The equant grains of majorite vary in size from 50 to 500nm, and 
commonly have equilibrium, 120° grain junctions. They are found to occur 
in both the matrix of the vein and in the included fragments. The common 
occurrence of an interstitial glassy phase, as well as the equilibrium 
texture of the majorite aggregates, suggests that the majorite crystal-
lized directly from a glass, rather than from pyroxene. This glassy 
phase has a distinctly 'mottled' appearance, due either to ion beam 
damage, or to incipient devitrificition, (no degrading in the electron 
beam was observed). It is suggested that this glass represents (perhaps 
now in a modified form) a high-density glass produced from pyroxene upon 
shock to high pressures and temperatures; it may have been a diaplectic 
or liquid quench glass. This type of glass will be termed a prograde 
glass, to differentiate it from glasses produced by the reversion of 
high-density crystalline phases, formed at high pressure, upon the 
release of that pressure; these glasses will be termed retrograde 
glasses. Evidence that this interstitial glass is prograde, is provided 
by the textures described above , as well as by the fact that a second 
glass, with a retrograde textural relationship to majorite, also occurs 
(figure 2 . 4f). 
Figure 2.4f shows a microcrystalline assemblage of lath-shaped 
grains set in a glassy matrix, cross-cutting and replacing the equant 
majori te assemblage. This microcrystalline assemblage is interpreted as 
I 
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being the reversion product of majorite on pressure release, and 
represents a partially devitrified, retrograde glass. Electron diffrac-
tion patterns taken over the devitrified area give an imperfect powder 
pattern, which can be identified as that of clinopyroxene. 
Thus, these observations indicate the presence of two different 
glassy phases associated with majorite, i) the prograde diaplectic, or 
liquid quench glass from which majorite rapidly nucleated and grew, and 
ii) the retrograde glass, presumably of lower density, which formed at a 
later stage during pressure release. The preservation of majorite during 
pressure release may be associated with the quench rate, a slower quench 
increasing the likelihood of the formation of the retrograde glass. 
ii) Further evidence to support the suggestion that the intersti-
tial, mottled glass, described above, is prograde comes from the occur-
rence of dendritic majorite (figure 2.4e). The dendritic majorite occurs 
as a single crystal of garnet, intergrown with a mottled glass, iden-
tical in appearance with the interstitial mottled glass associated with 
the equant majorite. Dendritic majorite has only been found in included 
fragments within the veins. Dendritic habit is associated with the rapid 
growth of a single grain into a supersaturated liquid or glass. Thus, 
it is again suggested from textural evidence, that the majorite grew 
from a prograde glass, produced by the shock of pyroxene, rather than 
forming directly from the pyroxene. The development of equant and den-
dri tic majorite in differing parts of the black veins reflects differing 
thermal histories, the dendritic habit being d€veloped in areas of more 
rapid quench and, hence, lower nucleation rate. This suggested inter-
pretation of the varations in majori te morphology, based on differing 
nucleation rates of majorite from a prograde glass, is consistent with 
the differing quench rates known to exist around these shock induced 
) 
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veins. The possibility that the glassy phase between the dendrites is 
retrograde, or that the texture arises from eutectoidal dissociation of 
a previously existing phase, is not considered likely, both on textural 
and mechanistic grounds. 
2.3.3.2 Shock effects in olivine 
,. 
Two distinct types of shock effects are found to develop in 
olivines, a) those in which the olivine is deformed but remains struc-
turally unchanged, and b) those in which olivine has inverted to a high-
density polymorph . 
a) Olivine deformation. Birefringent olivine grains adjacent to the 
black veins and within the included fragments are observed to have a 
high density of dislocations on {110} and (100), figure 2.5a. Similar 
dislocation arrangements have been found by Ashworth and Barber (1975), 
and are consistent with deformation at low temperatures and high strain-
rates. In olivine grains which grade from highly birefringent to almost 
isotropic, the decrease in birefringence corresponds with -an increase in 
dislocation density and the development of mosaicism. 
b) Olivine to i-(Mg,Fe) 2Sio4 transformation. TEM of the blue grains 
and colourless, isotropic regions, which have the olivine composition, 
showed that they are composed of spinels, all of which, however, ex-
hibited inversion textures. The inverted spinels occur with two habits, 
i) fine-scale polycrystalline aggregates, and ii) massive, twinned 
crystals. 
i) By far the most common occurrence of spinel is as a polycrystal-
line aggregate (figures 2.5b,c,d and 2.6), with a grain size between 100 
and 500nm . The grains are typically r ounded, coated wi th a thin film of 
Figure 2.5 
Shock effects in olivine and its polymorphs. 
a) Defects on (110), developed in olivines adjacent to the black 
veins. When studied by optical microscopy, this olivine was· moderately 
birefringent, but appeared highly striated. b) Typical polycrystalline 
aggregate of ringwoodite, formed from an olivine glass. All the spinels 
show defects of the type a/4[112] on (110), which locally produces the 
,8-phase structure. The intergranular amorphous phase is clearly visable. 
c) A ringwoodite grain with more densely developed inversion textures. 
d) A more massive spinel grain, with a very fine scale development of 
the f3 -phase inversion texture. 
The variation in the extent of the inversion undergone by the 
spinels in (b), (c) and(d) is probably a function of differing quench 
rates. 
0·4um 
Figure 2.6 
A high magnification electron micrograph showing the defects 
developed in a single spine! grain. All defect boundaries lie on {110}. 
The antiphase boundaries only effect the cation sublattice, and locally 
produce the f-phase structure. Other crystals in this section are tilted 
out of contrast. Note the intergranular, glassy film which is developed 
around most of the spine! grains. 
40nm 
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glass, and often show equilibrium grain junctions. The spinels, 
however, are all highly faulted, with planar defects on { 110}. These 
faults are frequently radially arranged within a spinel grain, from 
which it is inferred that they nucleated at the grain boundaries and 
grew into the grains, rather than being produced as the grains them-
selves grew. The microstructure within the spinel grains is consistent 
with an inversion rather than a deformational origin for the defects. 
The defects have been characterized as stacking faults, antiphase boun-
daries and twin planes, (Putnis and Price, 1979). Subsequent observa-
tions by Poirier and Madon (1979) have found that the defects only af-
fect the cation sub-lattice. The interpretation placed on this 
microstructure by Madon and Poirier (1979) is that the defects observed 
within any one ringwoodite grain may be considered as antiphase boun-
daries produced as a result of the impingement of spinels nucleated 
separately at various sites within one olivine crystal. However, this 
model is not physically probable, as it would require adjacent spinel 
nuclei to form in the same crystallographic orientation, while there was 
no crystallographic relationship between adjacent spinel grains, nor any 
relationship between the orientation of the granular spinels or the 
original olivine. It also ignores the presence of the interstitial glas-
sy phase. 
From thi-s study, however, it is suggested that the defects were 
formed by the partial inversion of the 'I -phase to the ~-phase polymorph 
as a result of post-shock pressure release. 'The ~-phase is structurally 
based on a cubic close-packed oxygen framework, similar to that of 
spinel, but has a different cation distribution, which is characterized 
by forming Si 2o7 groups ( which violates one of Pauling' s rules) . The 
density of the ! -phase is intermediate between that of olivine and 
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spinel. It is therefore suggested that, during shock, the olivine 
structure became unstable, and formed a glass from which the spinel 
polymorph crystallized. On the release of pressure, the spinel itself 
became unstable and began to revert to a lower density phase. Ideally, 
the spinel would have reverted to olivine . However , this change would 
require a reconstruction of the cubic close-packed oxygen framework, a 
process which has a high activation energy and which is consequently 
kinetically unfavourable. However, by a small-scale cation rearrange-
ment, a process with a lower activation energy than oxygen framework 
reconstruction, the spinel structure can be transformed to the lower 
density (3 -phase (Sung and Burns, 1978). The necessary cation rearrange-
ment can be achieved by a displacement of a/4[110] on (110), figures 2,7 
and 2.8. The defects in the ringwoodite grains have been characterized 
to be of this type (Price et al., 1979; Prioier and Madon, 1979). Conse-
quently, each defect in the ringwoodite grain, locally has the structure 
of the ,8-phase . Areas of high defect density can, therefore, be con-
sidered to be an intergrowth of ringwoodite and the ft,-phase. Following 
Ringwood and Major ( 1970), it has been suggested that this, the first 
natural occurrence of the µ-phase (albeit intergrown with ringwoodite) 
be termed wadsleyite, (Putnis and Price, 1979), 
In addition to the microstructural evidence for the presence of the 
p -phase, evi~ence also comes from diffraction and spectroscopy. Electron 
diffraction of highly faulted spine ls show spot split ting, and super-
lattice spots compatible with the presence of the orthorhombic p-phase. 
The super-lattice spots which do develop are, however, very weak, since 
the relationship between the spinel and the fJ -phase structure is such 
that a very large number of twin orientations exist for the resulting 
p-phase (figure 2.8). This has the effect of distributing the diffrac-
Figure 2.7 
a) The orthorhombic crystal structure This is 
characterized by the Si2o7 groups, formed by the corner sharing of two 
Sio4 tetrahedra. This violation of Pauling' s rules has given rise to 
doubt over the stability of the f -phase structure. 
b) The spinel structure, shown with the oxygen close-packed 
framework in the same orientation as the p -phase structure in (a). The 
spinel and p -phase are composed of the same structural units, but have a 
slightly different stacking sequence (see Figure 2.8). 
c) The relationship of the !3 -phase and the spinel unit cells. An 
inversion from the spinel to the p -phase structure can give rise to many 
twin and antiphase related products . 
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These pages (1-4) show successive {110} planes of the spinel struc-
ture. A displacement of a/4[211], however, of planes containing the 
tetrahedral coodinated cations, produces the cation configuration of the 
/-phase, having Si2o7 groups, produced by two tetrahedral groups sharing 
a common oxygen.Some tetrahedral groups are shown by a dotted outline 
Full circles are oxygen, open squares are octahedrally coordinated 
cations and crosses are tetrahedrally coodinated cations. 
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tion intensity, associated with the super-lattice spots, over a large 
volume of reciprocal space. 
Extra, non-spinel lines, reported by several investigators (e.g. 
Jeanloz, 1979), in X-ray powder patterns of naturally occurring blue, 
ringwoodite grains are also interpretable in terms of the presence of 
the ~-phase, as is the low symmetry of the IR spectrum of natural blue 
grains reported by Jeanloz ( 1979). However, as stated above, Jeanloz 
( 1979) interprets these phenomena in terms of the presence of other 
minerals, and not the p ,-phase. 
The presence of an amorphous film along the 'spinel' grain boun-. 
daries, similar to that observed in majorite, is believed to be the 
remains of a prograde olivine glass, and may be associated with the 
coloration of the ringwoodite grains. The origin of the blue colour of 
ringwoodite has been widely discussed. Jeanloz (1979) has suggested that 
the coloration may be due to scattering of light by small particles, 
since its spectrum cannot be explained in terms of ionic absorption. 
Scattering, however, requires a refractive index difference between the 
scattering particles and the medium in which they are set. Such a 
refractive index difference is likely to exist between the glassy phase 
I 
and the crystalline phase in the ringwoodi te assemblage and, conse-
quently, this explanation for the origin of the blue coloration of ring-
woodite may be correct . 
ii) The development of polysynthetically . twinned spinel is shown in 
figure 2.9a and b. The twinning lies on the close-packed {111} planes, 
and again { 110} defects are stongly developed. The relationship of the 
defects to the twin boundaries indicates that the {110} defects may have 
nucleated on them. The obvious differences between the twinned spinel 
and the polycrystalline spinel strongly suggest a difference in the 
Figure 2,9 
a and b) Transmission electron micrographs showing the twinned 
morphology produced by the olivine to spine! transformation. The twin-
related plates lie on {111} planes of the spine! structure. It is 
suggested that the spine! was formed from the olivine, by a shearing or 
quasi-martensitic mechanism. Subsequent inversion to the ~ - phase has 
produced the very fine antiphase domains within the plates . 
200nm 
rr 
I 
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mechanism of their formation. 
The fine-scale twinning developed in the spinel can be interpreted 
as being the result of a quasi-martensitic transformation of olivine to 
spinel. Martensitic-like transformations are common in materials which 
change their structural packing from hexagonal close-packing to cubic 
close-packing (as in the olivine to spinel transformation) and, charac-
teristically, produce twinned products. In the case of the olivine to 
spinel transformation, however, an additional degree of ea tion rear-
rangement would be necessary to complete the transformation. Whether the 
mechanism involved in changing from olivine to spinel is martensitic, or 
involves nucleation and growth, may well depend on the original orienta-
tion of the olivine to the shock front. 
2.4 The mechanism of shock-induced transformations 
This discussion is concerned with the mechanism by which low-density 
phases are transformed to their high-density polymorphs during shock 
metamorphism, and the role of the prograde glassy phases in the process . 
Textural evidence presented in the above study may be used to suggest 
such mechanisms and to evaluate their relative kinetics. This neces-
sarily leads to an interpretation of the result of experimental shock 
metamorphism, particularly the fact that the most common recovery 
products of shocked silicates are glasses . Firstly, however, the 
generally accepted mechanisms inferred from shock experiments will be 
reviewed. 
As discussed above, TEM observations of experimentally shocked 
olivine (Jeanloz et al ., 1977) have revealed the presence of diaplectic 
glass in material recover ed from peak pr essures of 560 kbars . In add i -
f 
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tion, Hugoniot data clearly indicate a high pressure phase transforma-
tion above 450 kbars(McQueen et al., 1967). Accordingly, it was sug-
gested that the observed glass represents the reversion product, formed 
on quenching, of a higher density crystalline phase. No direct evidence 
for the presence of such a crystalline phase was found however, and so 
the true structural state of the phase formed in the high-pressure-
regime of the Hugoniot is not known. 
The observations of the progressive shock metamorphism of pyroxene, 
outlined above, indicate that the precursor phase, to the formation of 
majorite, is a prograde glass. A high-density modification of this in-
terstitial glass may represent, at least in part, the high-pressure-
regime phase observed on the Hugoniot curves. Nucleation of a high-den-
sity crystalline phase from such a prograde glass will involve the usual 
parameters associated with the nucleation process, i.e. a finite incuba-
tion period, followed by a nucleation rate dependent upon the rate of 
quenching. A comparison of the dendritic and equant polycrystalline mor-
phology of majorite described here suggests that the former was produced 
at a higher supersaturation, with a more rapid quench rate and lower 
nucleation rate, than the latter. A still faster quench rate, or a 
shorter time at peak pressures, may completely inhibit the nucleation of 
majorite, resulting in the retention of the glassy state. Undoubtedly, 
such a high-pressure, prograde glass would undergo structural changes on 
pressure release and the recovered glass would have a lower density than 
that at high pressures. 
Laboratory scale-shock experiments have peak pressure pulses in the 
-7 -6 -3 order of 10 to 10 seconds, whereas this time may increase up to 10 
-2 ) to 10 seconds in large scale meteorite impacts (Stoffler, 1972 • This 
fact may explain the failure of shock experiments to produce a high-den-
I 
I 
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sity crystalline phase of either pyroxene or olivine. Thus, the 
recovered diaplectic glass is more likely to be a quench product from a 
high-density prograde glass, rather than the reversion product of a 
high-density crystalline phase. The phase transitions observed in ex-
perimental release adiabat curves may well represent structural changes 
in the glass upon pressure release. 
This interpretation is supported by the observation that a 
retrograde glass is only formed from the equant majori te, which was 
produced at slower quench rates. No r e trograde glass has been observed 
associated with the dendritic majorite. The schematic illustration in 
figure 2.10 summarizes the relative kinetics of glass formation, high-
pressure crystallization and retrogression, as deduced from the 
microstructures. A simil ar time-pressure-transformation history is in-
ferred for the polycrystalline olivine, where the spinel polymorph 
nucl eated from a prograde glass and, later, partially inverted to the 
f -phase on quenching. 
The important conclusion to be drawn from these observations is, 
therefore, that it is unlikely that shock experiments reproduce the 
phase transformations which occur at depth in the mantle but, on the 
contrary, induce metastable phase changes, involving the formation of 
short-range order phases. A similar conclusion has recently been 
reached by Jeanloz (personal communication, and 1980), from an indepen-
dent analysis ·or Hugoniot data. He suggests that the 'mixed phase' and 
the 'high-density phase' regimes, of the Hugoniot curves for olivine 
(and other silicates) do not provide evidence ' for the presence of high-
density, crystalline polymorphs, but rather he suggests that in these 
regions the oxygen framework of the silicate is compressed into a more 
closely packed configuration. He envisages that the collapse of the nor-
Figure 2. 10 
Schematic diagram illustrating the shock produced transformations in 
pyroxene, as a function of peak pressure and time . In shock experiments, 
insufficent time is available for the high-density crystalline phases to 
nucleate, consequently, it seems probable that many of the inferences 
drawn from shock experiments are invalid. 
I 
. 
'I 
J I 
J 
J 
I 
/I 
.I 
I 
,I 
I 
I 
J 
J 
J 
,I 
I 
Q.) 
--c·i: 
(\S 0 
~--cr <\S 
UJ E 
Q.) 
-.... 
0 
·-(\S 
2 
Q.) 
"'O (\S 
.... 
f U) 
c.. U) 
..c. (\S 
u 0) 
C Q.) 
~ 
0 
Q.) 
C 
Q.) 
)( 
e 
~ 
Q.) 
,-
C 
I-
0) 
C 
(f) 
(\S 
Q.) 
.... . 
I u 
C I 
\ 
) 
) 
I 
I 
I 
I 
l 
) 
I 
J 
I 
I 
J 
-28-
mal structure, during shock, would lead to a partially randomized, 
close-packed lattice which, upon decompression, could 'pop back' into 
its original configuration. It appears, therefore, both from TEM studies 
and from analysis of recent shock experiments, that traditional inter-
pretations of shock data, and their subsequent applications, are in er-
ror. 
In conclusion, it is worth noting that during shock metamorphism it 
may be possible to transform some structures from the low-density phase 
to the high-pressure crystalline phase without the intermediate forma-
tion of a prograde glass. The structural relationships between olivine 
and spinel may allow the possibility of a martensitic-like transforma-
tion, when the crystal orientation and shock-wave front may produce the 
appropriate shear on close-packed oxygen layers. Although the required 
cation distribution is a complication in such a mechanism, the observed 
microstructures (i.e. the (111) twin rela~ed plates of spinel) are con-
sistent with some type of cooperative mechanism, rather than nucleation 
from a glass, as is suggested for the polycrystalline spinel. Although, 
under certain circumstance, such a martensitic transformation may 
proceed very rapidly, no experimentally produced martensitic transforma-
tion of olivine to spinel has been reported. 
2.5 Origins of glass in shock metamorphism 
In the above observations and discussion, two forms of glass have 
been found to be associated with shock processes; the prograde glass, 
which is an intermediate in the transformation from a low to a high-den-
sity crystalline phase, and the retrograde glass, which is formed on the 
reverse transformation . From considering the time available for trans-
-29-
formations in shock experiments, it was concluded that these experiments 
generally only produce prograde glasses. In this section the factors 
governing the formation of both prograde and retrograde glasses will be 
discussed. 
2.5.1 Prograde glass 
From the observations described above, it is unclear whether 
prograde glasses originate from a liquid quench, or are the result of a 
solid state process. Their origin can, however, be understood in terms 
of either of these processes. 
i) Liquid quench glass. The temperature increase produced in a body 
as a result of shock can be calculated using Hugoniot data and the Mie-
Gruneisen theory ( Ahrens et al., 1969). Equation of state calculations, 
for olivine and pyroxene, indicate that shock pressures in excess of 
- 950kbars are required to raise the temperature along the Hugoniot. 
above their atmospheric pressure melting point. Unfortunately, it is not 
possible to estimate the highest pressures reached in the shock veins of 
the Tenham meteorite. However, some indication of the temperature, and 
hence the pressure, adjacent to the veins can be obtained from the 
pyroxenes which were transformed to protopyroxene by the post-shock 
thermal pulse. This transformation occurs, at atmospheric pressures, at 
0 temperatures of >1000 C. The corresponding peak pressure along the 
Hugoniot, needed to produce this temperature tn bronzite, is ~100 kbars. 
Since there is evidence for a considerable pressure gradient in the 
vicinity of the shocked veins (Binns, 1970), it is possible that the 
pressures within the veins exceeded those needed for fusion. The 
pet r ographic evidence for the veins having once been fluid is, however , 
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inconclusive (Agrell, personal communication). Glass found in the black 
veins could, therefore, be a melt product. However, it is less likely 
that the glass found in the crystalline fragments, which have been 
pseudomorphed by high-density phases, was formed by melting, since it is 
unlikely that the fragments would have retained their distinct form if 
they had been liquid. 
Glass found in experimentally shocked olivine (Jeanloz et al., 1977) 
has, however, been identified as a diaplectic, solid state glass, since 
the estimated temperatures of the shocked samples was only between 450 
and 730 °c, well below the melting temperature of olivine. This tempera-
ture range was calculated on the assumption that the thermal energy, 
produced by the shock, was uniformly distributed throughout the sample 
during compression and decompression. However, yielding under shock is 
inherently an inhomogeneous process, leading to the production of zones 
of high strain. As a result, thermal energy may be localized, producing 
patches of liquid quench glass. Consequently, only rarely can the origin 
of glass produced during high pressure-high strain rate transformation 
be unambiguously identified as being purely the result of mechanical, 
solid state processes, since the possibility of localized melting is 
nearly always present. 
ii) Diaplectic glass. The formation of a diaplectic glass, can be 
discussed in terms of both, a) the mechanical deformation, which results 
from the shock, and b) the kinetics of the formation of the intermediate 
state in a solid state reaction. 
a) During shock, materials are stressed beyond their elastic limit, 
into their plastic regime. This involves the generation and motion of 
dislocations. Since the stresses which are produced during shock are 
greatly in excess of the critical stresses for the activation of all 
11· 
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dislocation sources, a high-density of dislocations will be rapidly ob-
tained. This will inevitably result in dislocation tangles, where the 
dislocation density is higher than elsewhere in the material. As 
pointed out by Jeanloz et al. ( 1977), Cot terill ( 1976) has suggested 
that when the dislocation density · in a material exceeds a threshold 
value, estimated to be ~10 13cm-2 for silicates, a rearrangement of atoms 
occurs, in response to the high energy associated with the dislocation 
cores, and an amorphous zone is produced. This model for glass forma-
tion is proposed by Jeanloz et al. ( 1977) to explain the observation 
that glass patches in shocked olivines are found to be associated within 
the regions of highest dislocation density. This association, however, 
would also be expected if the glass formed as a result of local melting 
in shear zones. 
Diaplectic glass could only occur in the way described above, as a 
result of high strain-rate, low temperature deformation. For, if either 
the strain-rate were lower, or the temperature higher, recovery would 
occur during deformation, and the required threshold dislocation density 
would not be achieved. 
b) The development of glass as an intermediate phase in high-pres-
sure high-strain rate transformations can be explained in terms of the 
relative kinetics of the processes involved in the transformations. 
Phase transformations occur within a system in order to lower the 
overall free energy of that system. If more than one reaction can occur 
which will lower the free energy, then the transformation which will 
generally predominate is the one with the fastest kinetics, rather than 
the one which will lower the free energy of the system most . The forma-
tion of a metastable, intermediate phase is a common occurrence in 
<lf 
mineralogy, particual,ly when the formation of the equilibrium phase is 
Figure 2. 11 
A schematic free energy-pressure diagram for a low-density, 
crystalline phase (A), a high-density, crystalline phase (B) and a high-
density, amorphous phase (C). The transformation of A to B may be rela-
tively sluggish, however, the rate of transformation of A to C would be 
more rapid,because of it~ high entropy of activation. Thus, if the rate 
at which pressure is applied to A is sufficiently high, to enable A to 
be subjected to pressure >P 2 before it has transformed to B, then A 
would transform to the glassy phase, C. Under lower strain rate 
circumstances, however, A would transform to B before the over pressure 
~p had been achieved. 
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kinetically impared (e.g. Price and Putnis, 1979; and Chapter 3). 
Consider the possible free energy curves, as a function of pressure, 
of a low-density crystalline phase (A), a high-density crystalline phase 
(B) and a high-density amorphous phase (C), figure 2.11. If A is shocked 
to pressures above P2 then the transformation of A to either B or C will 
lower the free energy of the system. Which of these transformations oc-
curs will depend on the relative reaction rates of the two processes. 
The rate of a transformation, as described by transition state 
theory (Glasstone et al., 1941), is a function of the free energy of ac-
tivation of the process;-
k = Kexp{- t:iG/RT} 2. 1 
However, the free energy of activation is itself a function of the en-
thalpy of activation ( /J.. H) and the entropy of activation ( /J. S), such 
that;-
k = Kexp{ AS/R}exp{-AH/RT} 2.2 
For a given transformation, therefore, the reaction rate will increase 
with an increase in the entropy of activation. tJ.. S for a transformation 
to a totally disordered glass will naturally be larger than /J.. S for a 
transformation to an ordered crystalline phase. Consequently, the reac-
tion rate for the transformation of the low-density phase, A, to the 
amorphous phase, C, will be faster than the transformation of A, to the 
high-density crystalline phase, B, assuming that the enthalpy of both 
these processes is similar. Thus, in this way, the formation of an in-
termediate , prograde glass can be seen to be favoured kinetically over 
-33-
the equilibrium transformation. The formation of the intermediate, glas-
sy phase will, however, only occur during shock, since its formation re-
quires the attainment of a significant overpressure ( 6 P in figure 
2.11). If the stress were applied more slowly, the equilibrium product 
would have sufficent time to nucleate directly from the low-density 
phase , before the overpressure,tP , was achieved. 
The formation of diaplectic, prograde glass can, therefore, be in-
terpreted in terms of melting, shock deformation, and reaction kinetics. 
Although not mutually exclusive, the latter interpretation is favoured, 
particularly for glass found in fragments which have been replaced by 
high-density pseudomorphs, since it takes into account the role of the 
glass in the phase transformations induced by the shock event. 
2.5.2 Retrograde glass 
The interpretation of the formation of a retrograde glass is, per-
haps, simpler than that of a prograde glass, since it - is less likely 
that the formation of a retrograde glass is associated with either the 
initiation of a thermal event, or a deformational event . 
Besides being reported as occurring in shock processes, retrograde 
glasses have been found to form from crystalline phases on the removal 
of pressure in static experiments (Liu and Ringwood, 1975). In this con-
text, the formation of a retrograde glass can again be interpreted as 
being a reaction intermediate, although occurring under the reverse con-
ditions from those described in section iib), above. Figure 2.12 shows 
a possible free energy-pressure path for the reaction involving the for-
mation of the retrograde glass. The high density phase is destabilized 
upon pressure release and, if the nucleation rate of the low- density 
Figure 2. 12 
A schematic free energy-pressure diagram for a low-density, 
crystalline phase (A), a low-density, amorphous phase (B) and a high-
density, crystalline phase ( C). In this case, if the transformation 
from C to A is sluggish, then, if the pressure is reduced below P1, the 
high-density phase may transform to the glassy phase, B. The rate of 
transformation of C to B will be faster than that for C to A, because of 
the large entropy of activation involved in forming an amorphous phase. 
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crystalline phase is slow, the system can lower its free energy by the 
formation of a low-density retrograde glass. If the pressure were 
released more slowly, from the high-density phase, sufficient time would 
be available for the low-density crystalline phase to nucleate; and so, 
again, glass is only to be expected as a reaction intermediate in high 
strain-rate events . A possible time-pressure-transformation diagram for 
these processes is shown in figure 2.13. 
2.6 Applications to mantle rheology 
As discussed above, a full knowledge of the behaviour of olivine and 
its polymorphs is essential to plate tectonic and geophysical theories 
of the mantle. However, no reliable information is available on either 
the kinetics or the mechanisms of the pressure-induced transformations 
which occur in the mantle (although approximate data has been obtained 
by Sung and Burns (1976a and b)). The TEM study, outlined above, has 
enabled possible, high strain-rate mechanisms to be inferred. These are 
not, however, the mechanisms which would be expected to operate in the 
mantle. Consequently, in order to obtain some detailed mechanistic in-
formation and in order to test some of the assumptions made in th~ for-
mulations of some recent geophysical theories, it was intended to study 
experimentally the phase changes of the olivine structure under more 
moderate conditions, and to use TEM to determine the operative 
mechanisms. 
The pressure-induced transformations of Mg2Si04-olivine occur at 
0 pressures in excess of 100kbars (at 1000 C), and can only be achieved 
with highly specialized equipment. As a result of the experimental dif-
ficulties involved with such high pressures, previous attempts at a 
Figure 2.13 
A diagram illustrating possible, isothermal transformations, as 
functions of pressure and the rate of pressure release . In this diagram , 
a linear reduction of pressure with time will plot as a vertical line 
(A). A very rapid pressure quench of the high-density phase, would 
enable the high-density phase to be preserved (as seen in the majorite 
from the Tenham chondrite). Slightly slower quench rates (line A) would 
allow the formation of a low density glass, but would be too rapid for 
the low-density, crystalline phase to nucleate, which would require 
still slower quench rates before it could form. 
The effect of the post-shock, thermal pulse would, however, 
complicate the transformations described, since the rate of pressure 
release would effect the the temperature of the system, and hence the 
relative kinetics or the transformations. 
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kinetic and mechanistic study of the transformation of olivine to a 
high-density polymorph, have proved inconclusive. However, a well 
developed technique, for studying the mechanisms and properties of high-
pressure transformations, is the use of analogue compounds, which behave 
structurally in a manner identical wi'th Mg2Si04 , but transform at lower 
pressures. One analogue of Mg2Sio4 is Mg2Geo4 which, at atmospheric 
pressure, has the olivine structure above 850°c, but below this tempera-
ture adopts the spinel structure (Dachille and Roy, 1960). No ~'-phase 
has been reported for Mg2Geo4 , but stacking faults, in the spinel 
polymorph, of the type a/4[112](110) (which locally give rise to the 
p-phase structure) have been found (Lewis, 1966). Since the olivine to 
spinel transformation in this phase occurs at low pressures, and tem-
peratures accessible to experiment, it makes the system ideal for a 
mechanistic study; the results of which, according to analogue theory, 
should be applicable to silicate transformations. 
Synthesis of the olivine polymorph of Mg2Geo4 , was readily achieved 
by hydrothermal methods (Dachille and Roy, 1960), followed by sintering 
at 1200°c, to obtain moderately sized grains (with radii from 50 to 
200µm). The synthesised, germanate sinter was heated, dry and at at-
mospheric pressure, for up to 20 days, within the spinel stability field 
(at 790°c), and was subsequently examined by TEM. No polymorphic phase 
transformations, however, were found to have occurred. It was inferred 
that the kinetic-s of the transformation were too sluggish, at these tem-
peratures, to enable the inversion to proceed. In order to overcome 
this kinetic problem, it would be necessary to perform the olivine to 
spinel transformation at 1000°c and 10kbars (which is again within the 
spinel stability field (Dachille and Roy, 1960)). Under these condi-
tions, the transformation has been reported to occur in a matter of 
-36-
hours. Unfortunately, no apparatus was available to enable such an ex-
periment to be performed. 
If such equipment were available, however, the following experiments 
should be performed;-
i) Hydrostatic experiments, which would be intended to investigate 
the transformation in the absence of large-scale shears . In these ex-
periments, the role of pressure on the mechanism should be investigated. 
This is an aspect of transformation process theory, which is currently 
poorly understood . 
ii) Experiments should be carried out at differential stresses, at 
high confining pressure, and a range of strain-rates, in order to in-
vestigate the role of shear in the transformation mechanism, with par-
ticular reference to the possible occurrence of a shear-induced, quasi-
martensitic process. 
iii) Experiments should be performed to study the rheology of 
olivine at and near the polymorphic phase transformation, as a function 
of pressure, temperature and strain-rate, with the specific aim of in-
vestigating 'superplastic' deformation. This is a phenomenon which is 
characterized by the development of strains greater than expected, for 
applied stresses (White and Knipe, 1978). It has been proposed that 
superplastici ty can occur as a result of increased internal stresses, 
associated with volume changes during a transformation, reducing the ef-
fective yield stress. Consequently, only a fraction of the normal flow 
stress is required to induce flow during a phase change. In such cases, 
the application of even small differential stresses can result in sub-
stantial plastic strains. This phenomenon, if it were to occur in the 
olivine to spinel transformation, would have a significant effect on 
mantle rheology and dynamics (Sammis and Dein, 1974). 
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2.7 Conclusions 
i) The nature of the high-density polymorphs of olivine and pyrox-
ene, produced by shock, have been broadly confirmed to be the same as 
those found by static, high-pressure experiments. However, Jeanloz' s 
( 1979) suggestion that the naturally occurring polymorph of olivine, 
ringwoodite, is not simply a spine! has also been confirmed. The true 
nature of ringwoodite has been determined as being a partially inverted 
spine!, with regions locally having the structure of the p-phase. It has 
been proposed that this, the first reported natural occurrence of the 
,B,-phase, be termed wadsleyite. 
ii) The mechanism of formation of high-density crystalline 
silicates, in response to shock, has been found generally to involve a 
glass intermediate, rather than occurring by direct nucleation of the 
high-density crystalline phase. In the case of naturally shocked 
material, however, it is unclear whether the glass intermediate is a 
diaplectic or a liquid quench glass. Where the high and low-density 
crystalline phases are structurally related, quasi-martensitic transfor-
mations from one to the other may occur. 
iii) It is considered highly improbable that shock experiments suc-
ceed in synthesising high-density crystalline polymorphs of olivine or 
pyroxene, but rather that the reported high-density phases produced by 
shock experiments, are metastable phases, possibly of short range order. 
In this model, therefore, the measured Hugoniot P-V states are con-
sidered to be highly metastable, and hence violate the assumption fun-
damental to the reduction of Hugoniot data and their geophysical ap-
plications . The Hugoniot data, however, appear to reflect, at least ap-
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proximately, the packing densities which are attained at high tempera-
tures and pressures in the Earth's interior. Nevertheless, the results 
of this study suggest that a reapprasial of the geophysical applications 
of high-pressure shock-wave data may be necessary. 
iv) The mechanisms involved in shock processes, are not considered 
to bear any relation to the mechanisms involved in high-pressure phase 
transformation in the Earth's mantle, since the difference in the 
strain-rate at which the transformations occur in the two regimes 
differs by at least ten, and possibly twenty, orders of magnitude. Con-
sequently, no valid conclusions can be drawn concerning the rheological, 
or any other properties, of the mantle, from features observed in the 
Tenham meteorite. In order to obtain information on the mechanisms in-
volved in the oiivine to spinel transformation, and other phase changes, 
at strain-rates closer to those in the mantle, further experiments, 
probably using germanate analogue compounds, must be carried out. 
PART II 
I I 
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Chapter 3 
The Nature and Significance of 
Exsolution Microstructures in Titanomagnetites 
3.1 Introduction 
Iron-titanium oxides comprise a small, but significant, part of all 
common, igneous rocks, and are of great importance, from the stand point 
of yielding information on the geoldgical past of their host rock. For 
example, a thorough knowledge of the behaviour of the iron-titanium 
oxide minerals is necessary, as a background to the study and 
interpretation of most phenomena associated with rock-magnetism. In 
addition, iron-titanium oxide minerals provide important, paragenetic 
information on the rocks containing them and can serve as useful 
geological thermometers and oxygen geobarometers. 
The significant mineralogy of the iron-titanium oxide system is 
shown in figure 3. 1. Three solid solutions are to be found in the 
system; between the spinels, magnetite and ulvospinel; between ilmenite 
and hematite; ahd between ferropseudobrookite and pseudobrookite. In 
addition to these solid solutions, there are the relatively simple 
oxides of wusti te and rutile. A detailed review of the physical and 
chemical properties of the iron-titanium oxide minerals, as a whole, as 
well an extensive discussion of their geological significance is 
provided by the Mineralogical Society of America Short Course Notes on 
Figure 3. 1 
Phase relations in the system FeO-Fe2o3-Ti02• The tie lines between 
ulvospinel and magnetite, ilmenite and hematite, and pseudobrookite and 
ferropseudobrookite represent the extent of high-temperature solid solu-
tion series. The extent of all of these solid solutions is limited, 
however, because of solvi in the spinel and rhombohedral series, and in 
the final case because of the instability of ferropseudobrookite. Other 
low-temperature, metastable oxides reported in this system are not 
shown. 
FeO 
WUs 
FeTi03 
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Oxide Minerals (1976). Such an extensive review will not be repeated 
here, however; instead, in this and subsequent chapters, the particular 
properties and processes associated with the subsolidus behaviour in the 
ulvospinel-magnetite, or the titanomagnetite, system will be discussed. 
Although at high temperatures · the ulvospinel-magnetite solid solu-
tion series is complete, at lower temperatures a miscilility gap has 
been reported in the system. The presence of a solvus causes the solid 
solution to unmix, or exsolve, when within the two phase field. The 
con solute temperature of the ti tanomagneti te sol vus has been reported 
(Vincent et al., 1957) to be 6oo 0 c, although it will be shown in 
0 Chapter 5 that the crest of the solvus may be at least 100 Clower than 
this. As a result of having a solvus at these relatively low tempera-
tures, the ex solution-induced micro structures develop only on a small 
scale (typically <0 .5µm). The existence of a two phase intergrowth of 
ulvospinel-rich and magnetite-rich oxides was first reported by Mogensen 
(1946). Subsequently, Hjelmquist (1949) and Ramdohr (1969) showed that 
exsolution was a common feature in titanomagnetites occurring in 
virtually all basic rocks from hyperbyssal and plutonic environments. 
The existence of ti tanomagneti te ex solution intergrowths had not been 
previously recognised because of the fine scale upon which they are 
developed. 
The exsolution microstructures, which are typically just resolvable 
optically, consist of a three-dimensional framework, or grid pattern, of 
ulvospinel-rich lamellae, lying on {100}, with interlamellar magnetite-
rich blocks. In an attempt to obtain more detailed information about · 
the exsolution intergrowths Nickel (1958) used scanning electron 
microscopy (SEM) to study the exsolution text~res developed in 
titanomagnetites from Mt . Yamaska, Quebec. Subsequently , Evans and 
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Wayman ( 1974) used a carbon replica method to study the same material. 
Al though a few other SEM studies have been carried out on selected 
titanomagnetites, no general microstructural survey has been attempted. 
It is the aim of this chapter to present a survey, performed by 
transmission electron microscopy (TEM), of the exsolution-derived 
microstructural types developed in ti tanomagneti tes of differing bulk 
chemistries and thermal histories. In order that the nature of the 
exsolution microstructures presented in this chapter can be fully 
understood, the likely mechanisms of their formation will be discussed, 
and a synopsis of microstructural textures, which result from exsolution 
processes, will be presented. Having outlined a survey of 
ti tanomagneti te ex solution-induced microstructures, their significance, 
with specific reference to magnetic behaviour, will be discussed. 
Finally, the effects of oxidation on the exsolution textures developed 
in titanomagnetites will be discussed. 
As pointed out in Chapter 1, one of the aims of transformation 
process theory is to enable the thermal history of minerals to be 
quantified from the nature of the micro structures which they carry. To 
this end, the processes whereby titanomagnetite ex solution microstruc-
tures coarsen and grow will be discussed in Chapter 4. The kinetic 
parameters and the phase relation in the ti tanomagneti te system, which 
determine the development of such exsolution textures, will be outlined 
in Chapter 5 ·, and finally, in Chapter 6, a kinetic model, to describe 
the growth of ex solution microstructure.s, will be developed. This will 
be used to quantify the thermal histories of .several igneous intrusions, 
from the nature of the exsol.ution microstructure developed in their 
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titanomagnetites. 
3.2 Mechanisms of exsolution 
As emphasized by McConnell ( 1975) ,· the ex solution microstructures 
developed in a mineral reflect, or are a function of, its bulk chemistry 
and thermal history. Two mechanisms have been suggested whereby 
metastable or unstable titanomagnetite solid solutions may unmix. 
Nickel (1958) has suggested that titanomagnetites may unmix by a nuclea-
tion and growth mechanism, while Yund and MacCallister (1970) proposed 
that spinodal decomposition could also occur in the ulvospinel-magnetite 
system. Which of these processes occur, however, will depend upon the 
composition and the thermal treatment of the oxide. 
The theories underlying nucleation and spinodal decomposition have 
been extensively reviewed (e.g. Christian, 1975; Cahn, 1968; Hilliard, 
1970; · Champness and Lorimer, 1976), and so will only be briefly 
discussed here. Nucleation generally involves the formation of a 
particle of the phase to be exsolved, of sufficent size, that its growth 
produces a descrease in the overall free energy of the system. This can 
only occur if the precipitate is larger than the size of the 'critical 
nucleus', since particles which are smaller than this produce an 
increase in free energy as they grow, associated with their unfavourable 
surface and strain free energy terms. The formation of a nucleus, which 
is larger than the critic al nucleus, is associated with an activation 
energy barrier to precipitate nucleation, which has to be over-come if 
the system is to unmix. At the exact solvus temperature, the activation 
energy barrier is infinite, and nucleation cannot o"ccur. However, as 
the degree of under cooling is increased, the size of the free energy 
Figure 3.2 
A schematic time-temperature-transformation (TTT) diagram for a 
mineral, with behaviour similar to that of a titanomagnetite with a 
composition near the centre of the solid solution series. Unmixing can 
occur by one of three mechanisms, each with its own well defined time 
and temperature field. Heterogeneous nucleation can occur at any 
temperature below the solvus temperature (T ), but because of the large 
e 
activation energy of this process, it occurs relatively slowly. 
Homogeneous nucleation occurs generally within the coherent solvus (Tc), 
while spinodal decomposition can occur within the coherent spinodal 
(T ). Since spinodal decomposition does not require that an activation 
s 
energy be overcome, it can occur relatively rapidily, even at low 
temperatures. The extent of the fields of these three processes vary 
with composition, within a solid solution series. For materials lying 
near the limb of the sol vus, the field of spinodal decomposition is 
virtually eliminated. 
Al though cooling curves are often shown on diagrams such as this 
(e.g. Champness and Lorimer, 1976), their use is incorrect, since 
diagrams such as this are strictly isothermal. The shape of TTT diagrams 
for cooling systems are quite different, see figure 3.3 . 
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barrier decreases, and nucleation may occur. At very large degrees of 
undercooling, the free energy barrier is small, but the diffusion rate 
of exsolving atoms is also small, and the overall rate of nucleation is 
again reduced. The effects of activation energy barrier and diffusion 
combine to produce the typical I C '-shaped curve of isothermal, time-
temperature-transformation (TTT) diagrams for processes like nucleation 
( figure 3.2). 
Spinodal decomposition, however, is a process which is not 
associated with an activation energy barrier, but is characterized by 
the continuous development of sinusoidal compositional waves, which have 
wavelength and amplitudes which progressively increase with time. The 
overall symmetry of the compositional waves, which are developed, 
reflect the structural symmetry of the unmixing phase. On coarsening, 
harmonics of the compositional waves develop, which transform the waves 
into square waves and, eventually, two distinct, exsolved phases can be 
identified. This behaviour is in contrast to the classical nucleation 
and growth mechanism, which requires that two phases, with a distinct 
interface between them, are present from the very beginning of the 
exsolution process. A more detailed analysis of nucleation, by Cahn and 
Hilliard ( 1959), has indicated, however, that there is a continuum of 
states between the diffuse interface of the early stages of spinodal 
decomposition and the sharp interface of classically nucleated 
particles. 
As indicated above, for many systems spinodal decomposition and 
nucleation are likely to be competing mechanisms of exsolution. 
Spinodal decomposition is favo1,.1red by rapid cooling rates, while nuclea-
tion occurs in more slowly cooled systems. Nucleation can occur, in 
theory, anywhere within the two phase field, but spinodal decomposition 
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can only occur within the coherent spinodal (the coherent spinodal is a 
modification of the chemical spinodal, which takes into account elastic 
coherency strains ( Chapters 4 and 5)) • Consequently, in the 
titanomagnetite system, spinodal processes would be limited to occurring 
at lower temperatures than nucleation events, and to occurring in oxides 
with compositions relatively near the centre of the ulvospinel-magnetite 
system. Nevertheless, spinodal processes often occur more rapidly than 
nucleation events, because they are not associated with an activation 
energy barrier. The kinetics and mechanisms involved in the unmixing of 
a system can be shown by a time-temperature-transformation plot, but for 
systems cooling linearly with time, a cooling rate-temperature-
transformation diagram is more convenient, schematically shown in figure 
3.3. 
Al though the identification of the mechanism of formation of a 
microstructure purely from its textural appearence is often hazardous, 
particularly when a considerable degree of coarsening has occurred, 
there are certain features which may be indicative of a specific 
mechanism. These features will be used to interpret titanomagnetite 
microstructures. 
a) Spinodal decomposition is associated with the phenomenon of 
uphill diffusion (Hilliard, 1970), and it is found that there is a 
specific variation of the amplitude and wavelength of the compositional 
modulation, with time. Absolute proof of the operation of a spinodal 
mechanism can only be obtained if both these processes are identified 
during the course of exsolution . Needless to say, such experiments have 
only been performed for a very few, metallic systems . However, there 
are several micro structural criteria ( Laughlin and Cahn, 1975) , which 
Figure 3.3 
A schematic cooling rate-temperature-transformation plot, showing 
the variation of the unmixing mechanism with cooling rate. The path of a 
body cooling linearly with time plots as a vertical line (A). For 
compositions near the centre of the solid solution, the size of the 
spinodal field is large, however for compositions near to those of the 
end members, the extent of the spinodal field is reduced, and suppressed 
to inaccessible temperatures. 
This type of diagram is strictly the only one in which the cooling 
history of a material can be related to its transformational behaviour. 
The common use of cooling curves on isothermal TTT plots is quite 
incorrect and misleading. 
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are indicative of spinodal processes. 
i) In anisotropic crystals, compositional modulations are amplified 
preferentially in the elastically soft direction, which for spinel is 
<100>. This leads to the characteristic development of three sets of 
mutually perpendicular compositional modulations. 
ii) In the initial stages of spinodal unmixing, there is a 
characteristic, diffuse interface between the two unmixing phases. The 
interface becomes sharper on coarsening, however, and at this stage it 
is difficult to determine whether the observed microstructure has 
developed by nucleation or by spinodal processes. 
iii) The spinodal unmixing process is virtually uneffected by 
defects in the crystal or by grain boundaries (Nicholson, 1970; Ditchek 
and Schwartz, 1979). This also remains true during coarsening, and is in 
contrast to the nucleation processes described below. 
b) Two types of nucleation processes can be distinguished, namely 
homogeneous nucleation and heterogeneous nucleation. Homogeneous nuclea-
tion occurs without the benefit of pre-existing heterogeneities (e.g. 
grain boundaries and dislocations), while heterogeneous nucleation 
occurs preferentially at defects and sites of high energy within the 
crystal. In systems in which there is little elastic misfit between the 
matrix and the exsolving phase, only relatively small degrees of 
undercooling are required for homogeneous nucleation to occur. However, 
even in such cases, heterogeneous nucleation generally intervenes before 
homogeneous nucleation can occur throughout 'the whole system (Russell, 
1970). The resulting microstructural features are;-
i) During heterogeneous nucleation, there is a tendency to develop a 
relatively high density of precipitates at grain boundaries or on 
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dislocations. These precipitates are separated from the precipitates in 
the rest of the grain, by a precipitate free zone (PFZ). 
ii) The random distribution of precipitates throughout the body of a 
grain is, however, typical of homogeneous nucleation. 
iii) It is found that, in some cases, periodic structures can also 
be produced by strain-induced alignment of homogeneously nucleated 
precipitates ( Ardell and Nicholson, 1966). These micro structures may 
appear similar to those produced by spinodal processes. The difference 
between a spinodally-produced and a nucleation-produced periodic struc-
ture will, however, be evident from the relationship of the microstruc-
ture to the grain boundary, since, as stated above, grain boundaries 
will not generally affect the morphology of a spinodally-derived 
microstructure, but will affect nucleation-derived microstructures 
(Nicholson, 1970), in a way similar to that described in paragraph (i) 
above. 
3.3 Specimen preparation and analysis 
During the course of this present study, many titanomagnetites have 
been studied by TEM. The specimens were usually prepared for TEM 
observation by ion-beam thinning, and were subsequently viewed on an AEI 
EM6G eleetron microscope. It was found that ion-beam thinned specimens 
frequently exhibited a mottled texture on a scale of N20A. This feature 
appears to be common in ion beam thinned spinels (Smith, 1979a; Putnis, 
1979; Price, 1980), and will be discussed in section 3.4.3. As such 
mottling obscures very fine-scaled microstructures, crushed grains of 
some specimens were also prepared. Spinel, however, has no cleavage, and 
consequently the crushed grains rarely showed extensive, undamaged thin 
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areas. 
All of the specimens studied were analysed with an energy dispersive 
electron microprobe, comprising a Si(Li) solid state detector and 
Harwell pulse processor. The results were calculated using a computer 
program employing the iterative spectrum stripping technique (Statham, 
1976). The analyses of some of the specimens studied are given in Table 
3.1. The scale of the exsolution in most grains was much smaller than 
the spot size of the electron microprobe (1-2µm diameter), and 
consequent! y the analyses corresponded to the bulk compositions of the 
spinels. Where the compositional inhomogeneity was on a scale comparable 
with that of the electron microprobe spot, the bulk composition of the 
ti tanomagneti te was taken as the average of at least fifteen point 
analyses. The regions analysed were free of any visible oxidation, and 
when studied by TEM, no sign of submicroscopic alteration was observed. 
It was, therefore, considered valid to recast the analyses assuming 
exact spinel stoichiometry. In some cases, where the scale of exsolution 
permitted, the precipitate and matrix compositions were analysed with a 
Phillips EM400 electron microscope, fitted with EDAX analytical 
facilities (Appendix 1), analyses being carried out with spot sizes of 
about 20nm. 
3.4 Titanomagnetite microstructures 
The microstructures studied can be conveniently divided into two 
groups, those readily visible with optical techniques, and those finer 
microstructures near to, or beyond, the resolution of the optical 
microscope. The microstructures observed will generaliy be described in 
a sequence of increasing coarseness. 
Table 3.1 
Analyses of some titanomagnetites 
Specimen No. 107847 55603 92966 80379 54252 111861 107847* 
Si02 
0 . 47 o . 29 0.29 0.23 0.32 0.31 0.49 
Ti02 9 .. 37 22. 71 14.03 11.66 15.63 2.27 15.42 
r..1.2°3 3.36 0.74 5.13 4.39 2.91 3.20 2.96 
Fe2o 3 42.40 24.31 36.76 40.30 34.84 61. 52 33.76 
Cr2o3 1.81 0.00 0.04 0.18 0.00 o.oo 1.05 
V203 1. 25 0. 38 0. 34 1.07 0.82 0.03 1.09 
FeO 39.88 48.45 39.19 38.65 44. 02 29.70 45.19 
MnO 0.13 1.11 0.50 0.20 0.34 1. 59 0. 30 
MgO 0.42 1.98 3.60 2.47 1.43 2.34 0 . 91 
Cao 0.01 0.02 0.05 o.oo o.oo 0.07 o.oo 
----
Total 99.10 99.98 99.93 99.15 100. 33 101.54 101.16 
MgA1 2o4 2.45 1.64 11.05 9.75 6.49 7 .08 5.12 
MgCr 2o 4 0.00 0 . 00 0.06 o. 26 0.00 0.00 0.00 
MgFe 2o 4 0.00 9.47 8.50 3.88 1.60 6.00 o.oo 
FeA1 20 4 5.29 o.oo o.oo 0.00 o.oo o.oo 1.49 
FeCr2o 4 2.79 0.00 0.00 0.00 0.00 0.00 1. 57 
Fe3o4 61.95 24.88 41.81 53. 02 47.62 80.52 47.89 
Fe2Ti0 4 27.52 64.02 38 . 57 33 .08 · 44.32 6.40 43.94 
*Vermicular grains. 
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3.4.1 Fine scale microstructures 
The microstructures shown in figures 3. 4a-f are periodic lamellar 
textures, and are considered to represent successive stages of 
coarsening. Al though fine-scale rriicrostructures were found to occur in 
ti tanomagneti tes from many igneous intrusions, the sequence of 
microstructural coarsening will be mainly illustrated by microstructures 
in titanomagnetites from three locations;-
a) the Virginia Series hornfel s, part of the contact aurole of 
the Duluth Gabbro (no.107847 in the Harker collection) 
b)a Tasmanian dolerite (no.55603) 
c)a yamaskite from Mt. Yamaska, Quebec (no.92966). 
The discovery of the submicroscopic, early stages of unmixing in a 
wide range of oxides indicates that magnetite-ulvospinel exsolution 
microstructures are more wide-spread than has been previously suspected. 
a) TEM observations of crushed grains of titanomagnetite from the 
Virginia Series hornfels, figure 3.4a, show that a very fine-scale, 
cross-hatched, periodic microstructure has developed, with a wavelength 
of ~100A. This microstructure is characteristic of spinodal decomposi-
tion, having a coherent compositional modulation, with a diffuse 
interface parallel to {100}, and associated diffraction satellites about 
all electron~diffraction spots. The larger-scale, linear features, 
which the spinodal microstructure avoids, are exsolution features 
associated with an earlier stage of unmixing. The occurrence of several 
generations of ex solution textures developed in ti tanomagneti tes from 
the Virginia Series hornfels bears witness to the long thermal history 
of the contact aurole of the Duluth Gabbro. Some of the coarser textures 
Figure 3.4 
a) A cross-hatched texture (S) developed on the scale of ~100A. b) 
Fine-scale, framework texture developed in titanomagnetites from a 
Tasmanian dolerite. c) Electron micrograph showing strong strain 
contrast due to the coherent nature of the exsolution texture. d) 
Typical lamellar framework texture developed in ti tanomagneti tes from 
many environments, consisting of magnetite-rich cubes (M) and 
ulvospinel-rich lamellae (U). e) A grain boundary between a 
titanomagneti te ( slightly oxidized) and a silicate ( S) , which shows a 
few lamellae originating on the grain boundary. There is no interaction 
between the titanomagnetite microstructure and the grain boundary. f) A 
pleonaste lamella (P) separated from a thick ulvospinel lamella (U) by 
blocks of magnetite (M). 
Bar= 100nm 
Figure 3.5 
The modulated microstructure developed in a spinel from the Rhum 
layered intrusion. Compositional modulations are developed on {100}, a 
micro structure which is characteristic of spinodal decomposition. The 
chemistry of the spinel is complex, containing significant quantities of 
Cr and Ti. It is uncertain, therefore, whether the spinodal decomposi-
tion is a result of unmixing in the ulvospinel-magnetite or the 
chromite-magnetite system. 
~ 
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will be described below. 
Similar diffuse-interface modulations were observed in ion-beam 
thinned spinel s from the Rhum intrusion, figure 3. 5. The spinel s from 
this intrusion are rich in both Cr and Ti, and it is uncertain whether 
the spinodal texture shown in figure ·3.5 represents the decomposition of 
a magnetite-chromite or a magnetite-ulvospinel solid solution. 
b) Figures 3.4b-c show the microstructure developed in 
titanomagnetites from a Tasmanian dolerite. Here, the periodic structure 
is coarser, with an interlamellar spacing of -500.A. The microstructure 
in figure 3.4b has more clearly defined boundaries between the exsolved 
phases, than those in figure 3.4a. These boundaries are also associated 
with a large degree of strain, as shown by the contrast in figure 3.4c. 
The strain contrast tends to obscure the details of the microstructure, 
when viewed in bright field. The intensity of the strain contrast, 
coupled with the fact that the diffraction spots are unspli t, indicates 
that the microstructure is coherent. This microstructure could have 
resulted from the coarsening of a spinodal texture (figures 3.4a and 
3.5), or could have been formed by the strain alignment of homogeneously 
nucleated precipitates. Due to alteration of the grains, however, no 
observations of the nature of the microstructure at the grain boundaries 
could be made. 
c) Whatever the origin of the above microstructure, it would appear 
to have been the precursor of the slightly coarser texture found in 
ti tanomagneti tes from Mt. Yamaska, figures 3. 4d-f. Similar micro struc-
tures, often oxidized, have been found in titanomagnetites from the 
Palisade Sill, New York; the Red .Hill Sill and the Mt. Wellington Sill, 
Tasmania; the Whin Sill, N. England; parts of the Skaergaard Intrusion, 
E. Greenland; and the Virginia Series hornfels. 
- --------------- - - ---------- - -----:,-, 
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Analytical electron microscopy shows that the lamellae are 
ulvospinel-rich, and the blocks magnetite-rich, 
approximately Ulvo 10Mag 90 • Although the distribution of lamellae and 
blocks is relatively uniform, the irregularity of some of the 
microstructural features is noticeable. Some of the lamellae are 
thicker than others , while some lamellae are not continuous across the 
field of view, producing faults in the periodicity of the structure. 
Most of the blocks are sections of cubes, though several of the bodies 
are slightly elongated along [100 ]. 
Figure 3.4e shows the grain boundary between a titanomagnetite and a 
silicate. The lamellar texture is unaffected by the grain boundary, 
suggesting a spinodal origin to the titanomagnetite microstructure. 
Elsewhere in the same sample, however, small (""0.2pm wide) pleonaste 
lamellae have interacted with the lamellar texture, as shown in figure 
3. 4f. The pleonaste is rimmed by magnetite, which is itself separated 
from the body of the ti tanomagneti te by a -~1000A. wide lamella of 
ulvcispinel. The magnetite rim has fine ulvbspinel lamellae dividing it 
into blocks of approximately the same size as those in the body of the 
titanomagnetite. It is unlikely that magnetite should have nucleated on 
the pleonaste surface and not on the titanomagnetite-silicate grain 
boundary. Ardell and Nicholson (1966) have shown, however, that strain 
fields have a strong effect on the coarsening of some microstructures . 
It is suggeste-d, therefore , that the rimmed microstructure developed by 
the coarsening of an ulvospinel-magnetite intergrowth in the strain 
field associated with the titanomagnetite-pleonaste interface . The 
development of a wide ulvospinel rim can be explained as resulting from 
the fact that , the titanomagnetite-pleonaste i nterface is semi- coherent , 
and consequent ly. associated with a coher ency strain . This coher enc y 
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strain would have been compressive in the ti tanomagneti te phase and, 
since ulvospinel has a larger molar volume than magnetite, Ti would have 
diffused out of the region of compressive strain, during coarsening, and 
accumulated in an area of lower strain, giving rise to the 10001t thick 
ulvospinel rich lamella. 
The specimens, the microstructures of which are shown in figure 3.4, 
all have compositions near the centre of the ulvospinel-magnetite system 
and, from the observations outlined above, it is concluded that these 
oxides unmixed by spinodal decomposition. It is further concluded that 
the microstructures shown in figure 3.4 represent a sequence of 
micro structural coarsening of the original, spinodal-deri ved texture. 
Besides being supported by textural evidence, this conclusion is further 
supported by the fact that the evolution of similar, periodic 
microstructures has been studied in metallurgical system, and sequences 
of texture, very similar to those described above, have been found to 
occur during the spinodal decomposition of several alloy systems, 
including the Alnico alloys (de Vos, 1969). The exact mechanisms, by 
which periodic, lamellar microstructures coarsen, will be discussed ,in 
full, in Chapter 4. 
3.4.2 Coarse scale microstructures 
No strict division exists between the finer-scaled and coarser-
scaled microstructures observed in the titanomagnetites during the 
course of this present study, and in some cases they are related. 
However, two significant differences exist between them;~ 
i) The coarse microstructure, instead of being characterized by 
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ulvospinel lamellae and isolated magnetite-rich cubes, is 
composed of lamellae and magnetite-rich plates. 
ii) The larger ulvcispinel lamellae, in the coarser microstruc-
tures, invariably carry a second generation of exsolution 
microstructures. 
Of the microstructures discussed below, two further stages of 
coarsening of the periodic microstructures described above, are shown by 
titanomagnetites from;-
a) the Freetown Gabbro, Sierra Leone (no.80397) 
b) the Taberg intrusion, Sweden (no.54252) 
Coarse microstructures developed by other mechanisms are, however, shown 
in titanomagnetites from;-
c) Iron Hill, Colorado (no.111861) 
d) vermicular grains in the Virginia series hornfels (no.107847) 
a) Figures 3. 6a-b show the micro structures developed in 
titanomagnetites from the Freetown Gabbro. The difference in scale 
between the micro structures shown in figures 3. 4d and 3. 6a is small; 
however, the grid pattern of figure 3. 4d has been replaced by a linear 
texture in figure 3.6a. The linear microstructure is formed, from the 
grid pattern micro structure, by the selective resorption of specific 
lamellae (some traces of these can still be seen in figures 3.6a and b), 
thus transforming magnetite cubes into magnetite-rich plates. The 
driving force for this morphological adjustment comes from a change in 
the balance between the surface energy and the strain energy terms, 
which control the precipitate morphology, and which will be discussed 
further in Chapter 4. 
In figure 3.6b, the larger ulvospinel lamellae have developed within 
Figure 3,6 
a) Linear microstructure produced by the coarsening of framework 
microstructures shown in figure 3. 4 . Magnetite- enriched plates have 
developed at the expense of magnetite-rich cubes. b) Ulvl'.}spinel 
lamellae showing the early development of secondary exsolution features, 
which avoid the lamellar intersections. The trace of a resorbed 
ulvospinel lamella can be seen (R). c) Very coarsely developed exsolu-
tion texture. The large ulvospinel lamella shows secondary exsolution, 
separated from the lamellar margins by a PFZ. d) Discrete precipitates 
of ulvospinel in a magnetite rich matrix. e) Partial framework texture 
developed by the interaction of precipitates . f) Optical micrograph 
showing magnetite precipitated on. the grain boundaries . Magnetite blocks 
within the grain have developed cuspate faces, probably due to differ en-
tial growth rates . 
Bl ack scale bar = 100 nm 
White scal e bar = 10 µm 
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them a fine-scale, cross-hatched exsolution texture, similar to that 
shown in figure 3.4a. The exsolution occurs along the body of the 
lamellae, but not at their intersections. It is suggested that this 
distribution results from coherency strains in. the lamellae, making the 
lamellar intersections less energetidally favourable sites for unmixing. 
No chemical differences could be detected between the lamellar intersec-
tions and the lamellar limbs. 
b) The microstructure shown in figure 3.6c is developed in a 
titanomagnetite from the Taberg intrusion. Narrow, magnetite-rich plates 
are separated from each other by even finer ulvospinel lamellae. Larger 
ulvospinel-rich lamellae divide regions of parallel magnetite plates, 
and frequently show a fine-scale, secondary exsolution texture. In 
figure 3.6c, the secondary exsolution texture is separated from the 
margins of the ulvospinel lamella by a precipitate free zone. Analytical 
electron microscopy shows that the PFZ is markedly depleted in magnetite 
compared with the centre. Strain contrast, associated with the 
ulvospinel-magnetite interfaces, suggests that the interfaces are 
coherent (see below). 
Reflected light microscopy reveals no microstructural changes at the 
ti tanomagneti te grain boundaries ( figure 3. 7). It is therefore 
suggested, that the microstructures shown in figures 3.6a-c were derived 
by the coarsening of microstructures similar to those shown in figure 
3.4 . This interpretation is preferred to one attributing the development 
of the coarser microstructures to two ulvospinel nucleation events 
(Price, 1979). 
c) Figures 3. 6d-e show . the microstructures developed in 
ti tanomagneti tes from Iron Hill. Figure 3. 6d shows the development of 
homogeneously nucleated ulvospinel precipitates , while in regions of 
Figure 3,7 
Reflected light optical micrographs, taken using oil immersion 
lenses. 
a) The cloth-texture developed in a ti tanomagneti te from a 
yamaskite. The large, black lamellae are pleonaste, while the host 
titanomagneti te can itself be seen to be inhomogeneous, with magnetite 
and ulvospinel rims developed around the pleonaste lamellae. b) The 
cloth-texture in a titanomagnetite from the Freetown Gabbro is coarser, 
and the ulvospinel lamellae (moderate reflectivity) are seen to separate 
blocks of magnetite (higher reflectivity). Again pleonaste (low 
reflectivity) lamellae are developed . c) A small grain of 
ti tanomagneti te from the Taberg intrusion . Lamellae of pleonaste and 
ilmenite (large, grey and featureless) are developed, while the cloth-
texture developed in the host ti tanomagneti te does not appear to be 
effected by the grain boundary, suggesting a spinodal origin . d) A 
grain of the vermicular magnetite from the Virginia Series hornfels. 
Grain boundary magnetite blocks are separated from the central 
magnetites precipitates by ulvospinel-rich regions. Magnetite-rich 
precipitates always occur with a block-like morphology, often with 
cuspate faces. 
10um 
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higher precipitate density a partial framework microstructue has 
developed, figure 3. 6e. The specimen has a composition of Ul vo8Mag92 , 
and consequently lies near the limb of the ulvospinel-magnetite solvus. 
As a result, spinodal decomposition is not a kinetically viable 
mechanism for unmixing. The titanomagnetite must therefore unmix by 
nucleation. Similar microstructural development has been observed in 
the Cu-Ti system (Vaidyanathan and Mukherjee, 1975). 
d) The optical micrographs, figures 3.6f and 3.7, show part of a 
vermicular ti tanomagneti te grain from the Virginia Series hornfel s. The 
titanomagnetite has developed a very large scale (>1~m) exsolution tex-
ture, dominated by blocks of magnetite. The texture is characterized by 
the concentration of magnetite along the grain boundaries. The grain 
boundary magnetite is separated from the body of the grain by an 
ulvospinel rim, which often shows the development of secondary ex sol u-
tion precipitates of magnetite, which always occur as small blocks. It 
is interesting to note that ulvospinel always appears to form the 
lamellar phase in exsolution microstructures, while magnetite-rich 
precipitates invariably occur as cubic or rectangular blocks. This 
morphological asymmetry will be discussed further in Chapter 4. 
The development of coarse microstructures, similar to those in 
figures 3. 6f and 3. 7 (always in small grain-size titanomagneti tes) has 
been observed before, and has been termed 'blitz-texture' by Haggerty 
( 1976). However, preparation of these grains for TEM study has proved 
difficult because of their small size (<15µm radius). Observations, 
made on the specimens which have been prepared, suggest that the large, 
grain-boundary magnetites are subdivided by fine, ulv5spinel lamellae. 
The concentration of precipitates on the grain boundaries of these 
vermicular ti tanomagneti te, suggests that heterogeneous nucleation was 
-55-
involved in the early stages of unmixing of these ti tanomagnetites, 
although later stages of unmixing may have occurred via different 
mechanisms, see figure 3.4a. 
3.4.3 General microstructural featores 
Two further, general features of the titanomagnetite microstruc-
tures, which have been outlined in the previous sections, merit discus-
sion, namely;-
i) the nature of the ulvospinel-magnetite interface. 
ii) the wide-spread occurrence of the 'mottled' appearence of ion-
beam thinned, magnetite-rich spinels. 
i) It is important, from the point of view of its effect on magnetic 
behaviour and upon microstructural development (section 3.5 and Chapter 
4), to establish the nature of the ulvospinel-magneti te interface. It 
has been suggested above, that at least some of the microstructures 
described have a coherent interface, between the exsolved and the matrix 
phases. By this, it is meant that there is an exact correspondence of 
lattice planes across all the two-phase interfaces, and that no edge 
dislocations are developed at these interfaces. It is common, however, 
for such dislocations to form at two-phase interfaces ( to relieve the 
elastic strain energy, associated with the lattice mismatch between the 
phases (Chapter 4)) and, for the ulvospinel-magnetite interface, an 
equilibrium inter-dislocation spacing of '<450A might be expected 
(Aaronson et al., 1970). If such an array of dislocations were to exist, 
then it would be expected that many dislocations would be observed on 
the interfaces developed in microstructures, such as those in figure 
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3.6a-c. However, very few dislocations associated with such interfaces, 
have been observed, suggesting that they are fully coherent. This is in 
marked contrast with the observations made on the interfaces between 
ilmenite and hematite, and magnetite and hercynite (figures 3.8a and b), 
where individual . dislocations and dislocation arrays can easily be 
identified by TEM. The fact that few dislocations have been identified 
at ulvospinel-magneti te interfaces, even when viewed in dark field ( to 
minimize the effect of strain contrast), strongly suggests that the 
interfaces are largely coherent. However, this has not yet been finally 
proved, since it is possible that the dislocations have been obscured by 
the effect of ' strain contrast (although the dark field observations 
would mitagate against this). An experiment to observe the lattice 
fringes, which pass across the ulvospinel-magneti te interfaces, should 
be carried out. It is expected that such an experiment would confirm the 
coherency of the ulvospinel-magnetite interfaces. 
ii) Several TEM studies of spinel oxides have recently been 
performed (e.g. Putnis, 1979; Smith, 1979a,b; Mishra and Thomas, 1979; 
Putnis and Price, 1979). Generally, these spinels have been prepared for 
TEM observation by ion-beam thinning, and many of the resulting spinels 
have been reported to exhibit a fine-scale (<201l) mottling (see the 
magnetite-rich phases in figures 3.4 and 3.6). This phenomenon is not 
characteristic of all spinels, however; and, in particular, no mottling 
has been found in ion-beam thinned ulvospinel, or in the spinel 
polymorph of Mg2Sio4• There is little doubt that the mottling is 
produced during the ion-beam thinning process, since many samples, when 
viewed in crushed grain form, exhibit little fine-scale contrast, yet 
show a strong mottled contrast after thinning. Smith ( 1979a) suggests 
Figure 3.8 
a) A TEM micrograph of a hercynite (H) - magnetite (M) intergrowth 
from a plagioclase-spinel-cordieri te rock from Rogal and, Norway 
(no.86621). The intergrowth is the product of exsolution, and both 
phases show signs of the development of secondary precipitates. The 
magneti te-hercyni te interface is semi-coherent, with dislocation being 
associated with irregular strain contrast along the length of the 
interface. 
b) From the same rock as (a), an exsolution-derived intergrowth of 
hematite (H) and ilmenite (I). The dislocation network at the two-phase 
boundaries are readily visable. 
The fact that dislocations at interfaces such as these are readily 
visable, and the fact that no such dislocations have been seen 
associated with magnetite-ulvospinel intergrowths, has led to the 
inference that ulvospinel-magnetite interfaces are invariably coherent. 
250nm 
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that mottling of this sort is a total artifact and should be ignored; 
however, it is here suggested that the mottling may in fact reflect some 
incipient structural inhomogeneity in the mottled material. 
Ion-beam thinning is known to produce morphological artifacts, as a 
result of sputtering ( Barber et al., 1973). These frequently take the 
form of hummocks and dunes, arranged periodically, with a wavelength of 
<1µm. The development of finer scale (<100A) microstructures, similar 
to the mottled textures seen in magnetite-rich regions of figures 3.4 
and 3.6, have also been observed by Barber (1972). He found that ion-
beam thinned, doped aluminas exhibited 'delicate surface features', 
while the pure alumina showed no fine-scale contrast. Barber ( 1972) 
suggested that the sputtering process revealed and enhanced small-scale 
variations in impurity concentrations. It is similarly suggested here, 
that the mottled microstructure seen in many spinels represent local 
inhomogeneities; the contrast associated with which has been enhanced 
by preferential etching during the ion-beam thinning process. 
There are several possible causes for the development of 
inhomogeneities in spinel s, which could be responsible for the mottled 
texture which results from thinning;-
a) Ex solution caused by the low temperature breakdown of a spinel 
solid solution may occur by a spinodal process, and will involve the 
clustering of atoms. At low temperatures, the kinetics of unmix ing 
would be such as to prevent ex solution on a large scale, and chemical 
inhomogeneity on the scale of only a few unit cells may develop. 
b) Ordering is known to occur in several spinels (e.g. i-Fe2o3), and 
if developed on a fine-scale may produce a mottled texture (Warlimont, 
1972). 
c) Grimes (1972), and others, have suggested that some spinels have 
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a space group Fd3m only at high temperatures , and at lower temperatures 
the spinels undergo a slight phase transformation, to a structure with a 
space group of F43m. This suggestion has recently found support from 
experiments performed by Suzuki and Kumazawa ( 1980) , who report that 
0 there may be a second-order phase· transformation in MgA1 2o4 at 660 C, 
which may be associated with such~Fd3m ~ F~3m change . It is suggested 
that if a spinel were undergoing a low-temperature structural change, 
ion-beam thinning would enhance any existing, fine-scale, structural 
inhomogeneities, and produce a mottled texture. Price (1979) suggested 
that the mottling developed in magnetite-rich spinels was probably a 
result of slight, chemical inhomogeneity. However, the possibility of 
the mottling being caused by an incipient phase transformation cannot be 
excluded. 
3.4.4 Summary and discussion of microstructures 
The mechanisms for the development of ti tanomagneti te ex solution 
microstructures, outlined above, are consistent with those which might 
be expected to operate in a system with a simple solvus, and which are 
schematically shown in figure 3.3. 
a) Titanomagnetites with compositions lying near the. middle of 
the ulv~spinel-magnetite join may unmix by spinodal, or 
homogeneous nucleation mechanisms upon moderate cooling , figures 
3 . 4 and 3.6a-c. Slower cooling rates, however, enable 
heterogeneous nucleation to occur, figure 3.6f. 
b) Titanomagnetites with compositions near to those of the end 
members cannot unmix spinodally and so separate by nucleation. 
As pointed out above , the identification of a mechanism purely from 
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textural evidence cannot be definitive and, ideally, conclusions based 
on textural evidence should be tested by experiment. Perhaps the most 
difficult mechanism to determine from the microstructure produced, 
particularly after coarsening, is spinodal decomposition. For 
titanomagnetites, however, it is dbubtful, whether the detailed experi-
ments, required to prove the occurrence of spinodal decomposition, could 
ever be performed, because it is unlikely that the spinodal process 
would occur rapidly enough to be measµrable on the laboratory time 
scale. Thus, in the absence of experimental data, mechanisms can only be 
inferred from textural evidence, and by comparison with mechanisms and 
textures found in better characterisd systems. 
In conclusion, therefore, there are many features of the microstruc-
tures developed in ti tanomagneti tes, whi ch are readily explicable, in 
terms of well understood processes; while other features, such as the 
mottling produced by ion-beam thinning, are less easily explained. In 
subsequent chapters, some aspects of the titanomagnetite exsolution 
micro structures will be discussed in a more theoretical context, while 
in the remainder of this chapter, the significance of the 
titanomagnetite exsolution microstructures, and the effect of oxidation 
on these microstructures, will be discussed. 
3.5 Significance of titanomagnetite exsolution textures 
It is unlikely that the development of exsolution microstructures in 
ti tanomagneti tes would have any significant effect on Buddington and 
Lindsley' s ( 1964) geothermometer and oxygen geobarometer, because the 
scale upon which exsolution is developed is so fine, and because exsolu-
tion occurs at relatively low temperatures. In Chapter 6, however, it 
,I 
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will be shown how the scale of the lamellar framework, developed in some 
ti tanomagneti tes, can be used to complement geothermometric data, by 
yielding quantitative values for the cooling rate of titanomagneti tes, 
in the temperature range over which exsolution occurs. 
The effect of exsolution ·on the magnetic behaviour of a 
titanomagnetite is dependent upon the distribution of the magnetite-rich 
components of the ex solution microstructure, since it is these compo-
nents which dominate the magnetic properties of the ti tanomagneti te 
grain as a whole. Three factors may be considered in describing these 
effects;-
a) the size of the magnetite-enriched regions. 
b) the shape of the magnetite-enriched regions. 
c) the stress associated with the ulvospinel-magnetite 
interface. 
a) The dominant carriers of remanent magnetization within a rock are 
usually single domain (SD) or pseudo-single domain (PSD) magnetite-rich 
grains. These grains are small (0.03-20µm), and are characterized by 
having a relatively high coerci vity. Evans and Wayman ( 1974) suggested 
that the ulvospinel-rich lamellae, in framework ex solution microstruc-
tures, separated the magnetite-enriched regions, so that each magnetite-
rich block behaves as a SD or PSD grain. From the microstructures 
described above , all slowly cooled ti tanomagneti tes from basic rocks 
will be expected to have developed small magnetite-enriched regions, and 
so exhibit magnetic properties associated with SD or PSD grains. These 
titanomagnetites will, therefore, contribute significantly to the 
palaeomagnetic properties of their host rock. If, however, the 
magnetite-enriched regions are smaller than O. 03µm , they will behave 
II 
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superparamagnetically, and consequently will not contribute to the 
palaeomagnetic record. As shown in figures 3. 4b-c, such small regions 
can be produced during the early stages of exsolution. It is therefore 
to be expected that ti tanomagneti tes which have a finely developed 
microstructure will behave superparamagnetically, despite having a 
considerable overall grain size. Such a phenomenon has been reported by 
Radhakrishnamurthy and Deutsch (1974). 
A complication may arise, which has not been previously recognised, 
in interpreting the remanent magnetic properties of ti tanomagneti tes, 
which have developed ex solution textures by nucleation. The remanent 
magnetization that these ti tanomagneti tes carry will generally be a 
chemical remanent magnetization ( CRM) , rather than a thermal remanent 
magnetization (TRM). The exsolution processes for these titanomagnetites 
will invariably occur at temperatures below the Curie temperature of 
magnetite, but will usually occur at temperatures above the Curie 
temperature of the titanomagnetite as a whole. Consequently the 
magnetite-enriched regions when formed will acquire their remanent 
magnetization at temperatures below the Curie temperature of the final 
magnetite-enriched precipitate. Also, since the magnetite-enriched 
particles continue to grow after they have acquired a permanent remanent 
magnetization, the blocking temperature of the sample, as measured in 
the laboratory, will be higher than the actual temperature at which the 
permanent magnetization was acquired. The variation of the blocking 
temperature of a magnetite-enriched particle, with time, is shown 
schematically in figure 3. 9. The blocking temperature increases with 
time, as the volume of the particle inceases, and as the composition of 
the particle becomes more magnetite-rich. 
b) Shape anisotropy of magnetite grains is considered to be the 
Figure 3. 9 
A schematic diagram showing the cooling curve of a ti tanomagneti te 
(A), and the variation of the blocking temperature with time (B) . The 
blocking temperature increases with time because, i) the exsolving 
magnetite enriched particles increase in volume on coarsening, and ii) 
they become more magnetite rich on coarsening. As a result the tempera-
ture at which the remanent magnetism is acquired (T.) is lower than the 
l 
final blocking temperature of the sample (Tf). 
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cause of high coercivities (McElhinny,1973). As shown in figures 3.6a-c, 
coarsely exsolved titanomagnetite develop magnetite-enriched plates, 
with axial ratios up to 10: 1, while remaining sufficently small as to 
behave as SD grains. Titanomagnetites, which have an exsolution 
microstructure dominated by magnetite-rich plates, will naturally have 
different magnetic characteristics from ti tanomagneti tes with a 
magnetite-rich cube structure. Unlike magnetite-ilmenite intergrowths, 
no ti tanomagneti te ex solution microstructures have been found in which 
magnetite-enriched rods have developed. 
c) Stress also affects the coercivity of SD grains. Calculations, 
8 -2 however, indicate that large differential stresses (>3x10 Nm ) must be 
applied to give rise to coercivities of >1000oe (McElhinny,1973). It has 
been suggested that stresses of this magnitude are unlikely to be 
encountered (McElhinny,1973). In addition, Shive and Butler (1969) have 
shown that stress caused by semi-coherent ilmenite-magnetite and 
ilmenite-hematite intergrowths is unlikely to affect the coercivity of 
the magnetic phases. However, it is suggested that the ulvospinel-
magnetite interface is coherent (see section 3.4.3 and figures 3.8a and 
b), and that the stresses associated with coherent interfaces produced 
by exsolution can be considerably larger than those normally withstood 
by a material (Christian, 1975). 
Applying elasticity theory to the planar interfaces between the 
ulvospinel an·d magnetite-enriched regions, developed in the ex solution 
textures described above, enables an estimate of the stresses involved 
to be made. Assuming a coherent interface exists between 
titanomagnetites of compositions Ulvi\0Mag 40 and Ulvo40 Mag60 , then for a 
(100) interface, the linear strains ( e , e ) y z along [010 J and [001] 
respectively, are 0 .1 7% (using Lindsley's cell parameters (1976)) , 
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assuming e is zero. Using values of Young's modulus (Y) and Poisson's 
X 
ratio (v) of 2.17x10 11 Nm-2 and 0.28 respectively (Birch, 1966), then 
the associated stresses (er ,er ,er ) are given by;-
x y z 
er= vE S 
( 1 + V ) ( 1 -2 V ) 
+ E e 
( 1 +v) 
3. 1 
where Sis the sum of the linear strains (Timoshenko and Goodier,1970). 
This yields values of;-
6.6 X 108 -2 <r = <r = Nm y z 
3.6 X 108 -2 <r = Nm X 
Thus, even allowing for a number of assumptions and approximations 
involved in the above calculation, a considerable differential stress 
may exist within coherent precipitates and, as such, stress should not 
be discounted as a source of high coercive forces in titanomagnetites. 
3.6 General oxidation effects in titanomagnetites and spinels 
Spinels that contain cations, which are commonly capable of 
exhibiting more than one valancy state under geological conditions, are 
sensitive to the oxygen fugaci ty of their environment. Many studies 
involving the oxidation of titanomagnetites, have been made (e.g. 
Haggerty, 1976; and references therein), and two types of oxidation 
reaction have been reported. At moderate and high temperatures, 
titanomagnetites can undergo 'oxidation-exsolution' of an ilmenite-rich 
sesquioxide (Buddington and Lindsley, 1964) while, at lower tempera-
tures, (<4oo 0 c) a metastable, non-stoichiometric titanomagnetite is 
formed ( called ti tanomaghemite), in which the Fe +2 ions in the spinel 
I! 
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are oxidized to Fe +3 ; charge balance being maintained by the formation 
of cation vacancies. 
The effects of both these phenomena, on the magnetic properties of 
titanomagnetites, have been widely studied (e.g. O'Reilly and Banerjee, 
1967; Strangway et al., 1968; Johnson and Merrill, 1973; Ade-Hall et 
al ., 1976). Since most titanomagnetites in rocks, used in palaeomagnetic 
studies, have been oxidized to some extent, workers in this field have 
been anxious to determine the likely effect of oxidation on 
palaeomagnetic data. 
In this present study of titanomagnetite exsolution microstructures, 
many oxidation phenomena have been observed; however, they have tended 
simply to confirm previous findings. In particular, it is well known 
(Ramdohr, 1969) that during the oxidation of the two-phase intergrowth 
of ulvospinel and magnetite, the ulvospinel component is always oxidized 
before the magnetite one. It was found, that oxidized versions of the 
texture shown in figure 3.4d were common, and were characterized by 
magnetite-rich blocks set in a polycrystalline groundmass of ilmenite 
and secondary magnetite (the product of the oxidation of ulvospinel). 
The magnetite-rich blocks became siightly misaligned during oxidation, 
and tended to rotate with respect to their original orientation. This 
may have some effect on the usefulness of such textures in 
palaeomagnetic studies. 
Some aspects of low-temperature titanomaghemitization have recently 
been studied, in some detail, by Smith (1979a,b). In his TEM studies, 
Smith (1979a,b) discovered that the vacancies in titanomaghemite tend to 
order and produce a prim i1ti ve superstructure, based upon the original 
spinel structure. The ordered phase has a space group of P4 132 or P4332. 
Further work on the properties and behaviour of non-stoichiometric 
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ti tanomagneti tes is likely to produce important results concerning the 
magnetic nature of ti tanomaghemites. This will be particularly 
significant to palaeomagnetic studies of ocean floor basalts, the 
majority of which carry partially titanomaghemitized oxides (e.g. Ade-
Hall et al., 1976). 
During the course of this present study, however, interesting 
observations (Price and Putnis, 1979) were made upon the effect of 
oxidation on pleonaste lamellae, ex solved from 
titanomagnetites. It is to these observations, that the remainder of 
this chapter will be devoted, 
3.7 Oxidation phenomena in pleonaste 
The ex solution of pleonaste spine! from slowly cooled 
titanomagneti te is a widely observed phenomenon ( Ramdohr, 1969; 
Haggerty, 1976) • The ex solution of the al uminous spine! from the host 
titanomagnetite, is caused by the existence of a subsolidus miscibility 
gap in the spinel solid solution field. The solvus between magnetite and 
hercyni te ( FeA12o4 ) has been experimentally determined by Turnock and 
Eugster ( 1962). In natural systems, however, the phase relations are 
complicated by the presence of ulvospinel and spinel sensu stricto 
(MgA1 2o4) in the spinel solid solution. The pleonaste lamellae, which 
are ex solved ·from natural ti tanomagneti tes, generally have compositions 
intermediate between spine! and hercynite. 
From the work of Turnock and Eugster ( 1962), on the stability of 
magnetite and hercynite with respect to oxidation, it might be expected 
that pleonaste, which occurs within oxidized ti tanomagneti tes, would 
itself be oxidized. It is even likely that some pleonaste lamellae may 
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be oxidized, even when their host titanomagnetite has been stable with 
respect to oxidation. However, reflected light, optical microscopy has, 
while occasional! y revealing vist ble alteration brought about by the 
oxidation of the ti tanomagneti tes, revealed no evidence of oxidation 
effects in pleonaste lamellae. Ccinsequently, TEM has been used to 
investigate the nature of some pleonaste lamellae which have developed 
in titanomagnetites. 
3.7.1 Specimen description 
The pleonaste-bearing titanomagnetite specimens studied, were taken 
from the Mt. Yamaska intrusion and from the Iron Hill carbonati te ( nos. 
92966 and 111861 respectively). These specimens show different stages in 
the development of pleonaste ex solution. The oxides from Mt. Yamaska 
(figure 3.10) show a coarsely exsolved, irregularly shaped spine! 
development on the ti tanomagneti te grain boundaries. These spine ls are 
separated, by a precipitate free zone, from the smaller, lenticular 
precipitates, which are developed in the body of the ti tanomagnetite. 
These plates of exsolved pleonaste lie on {100} of their host 
titanomagnetite, and are typically 60µm long and 2µm wide. The unmixing 
in the system titanomagnetite-pleonaste appears to have occurred by the 
heterogeneous nucleation of pleonaste on titanomagnetite grain 
boundaries , followed later by homogeneous nucleation of pleonaste in the 
body of the host titanomagnetite. 
The titanomagnetite grains often occur in clusters, which frequently 
include grains of ilmenite . At these ilmenite-titanomagnetite 
interfaces, the titanomagnetites occasionally show signs of maghemitiza-
tion . When studied by optical microscopy , however , the pleonastes at 
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Figure 3. 10 
a) An electron micrograph of the replacement texture developed in 
oxidized pleonaste lamellae from both Iron Hill and Mt. Yamaska. The 
pleonaste is set in homogeneous titanomagnetite. b) An optical 
micrograph of a cluster of titanomagnetite (T) and ilmenite (I) grains 
from Mt. Yamaska. Pleonaste (P) occurs as irregular grains on the 
ilmenite-titanomagnetite grain boundaries, and as lenticular 
precipitates in the body of the titanomagnetite. c) A [110] diffraction 
pattern taken over an altered pleonaste lamella. Weak superlattice spots 
are developed along [220] (arrowed), and streaking is developed on [11 ~. 
d) A poor orientation spinel diffraction pattern, which again, however, 
shows the development of weak superlattice spots (arrow), in twinned 
orientations. 
I 
I 
.I 
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these interfaces, show no sign of oxidation. 
The Iron Hill specimens, have only developed exsolution lamellae of 
pleonaste on a very fine-scale, with lamellae no longer than a few 
microns. Again, there is a concentration of precipitates on, or near , 
the ti tanomagneti te grain boundarie·s. The difference in the scale of 
the exsolved pleonaste lamellae, in the two samples studied, is a 
reflection of the different bulk chemistries and thermal histories of 
the two specimens. 
3.7.2 Oxidation effects 
TEM revealed that both the pleonaste, and the host ti tanomagneti te 
had developed microstructures associated with oxidation. The typical 
microstructure developed in the pleonaste lamellae from Iron Hill, and 
in the pleonastes from the ilmeni te-ti tanomagneti te grain boundaries in 
the Mt. Yamaska specimen, is shown in figure 3.10. The original 
pleonaste lamella has been totally replaced by a fine-scale, periodic 
intergrowth of parallel-sided sheets, or rods. The sheets, or rods, seem 
to have originally formed at the interface between the pleonaste and its 
host ti tanomagneti te, and to have grown into the pleonaste, in a direc-
tion normal to the pleonaste-magneti te interface. Where sets of 
parallel-sided sheets or rods, growing in from opposite surfaces of the 
original pleonaste lamella, impinge upon each other, the regularity of 
the microstructure is lost. The sheet-like microstructure has been 
identified as a spinel-spinel intergrowth, and . has a structural orienta-
tion which is identical to that . of the original pleonaste and the host 
ti tanomagneti te. Analysis of the replacement texture, using a Phillips 
EM400, with EDAX analytical facilities, indicates that the bulk composi-
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tion of the replacement texture is the same as that of a spinel of 
composition Spine150Hercynite50 • 
Selected area diffraction patterns, obtained from the inter growth, 
can be identified as those of spinel, and show the development of 
slightly split diffraction spots, indicating that the replacement tex-
ture is composed of two phases. However, the diffraction patterns are 
complicated by the appearance of very weak-intensity spinel superlattice 
spots. The superlattice is characterized by tripling along the [220 J 
direction of the original spinel structure. Dark field imaging suggests 
that the superlattice diffraction spots are only associated with one of 
the phases in the replacement texture; although, because of the weakness 
of these spots, this cannot be conclusively proved. From the diffrac-
tion and dark field evidence, as well as from the textural evidence, it 
is suggested that the replacement texture consists of an intergrowth of 
a spinel and a phase whose structure is based on a spinel superstruc-
ture. 
Further analysis of the diffraction patterns is complicated by the 
fact that the intensity of the superlattice spots varies throughout the 
sample, and also by the fact that the super lattice can occur in any one 
of three twin related orientations, within the replacement intergrowth 
(Tanner and Leamy, 1974). The diffraction spots are often streaked in a 
direction normal to the sheets, or rods, of the replacement structure. 
In regions, which are adjacent to oxidized titanomagnetites, streaking 
is developed on [ 111 J. The [ 111 J streaking probably results from the 
development of a sesquiox ide phase, either within the replacement tex-
ture or the host ti tanomagneti te .• 
[ I 
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3.7.3 Discussion 
Turnock and Eugster (1962) observed that the oxidation of a 
magnetite-hercynite assemblage, under equilibrium conditions, would lead 
to the decomposition of hercyni te to give corundum and magnetite. In 
the case of the oxidation of natural pleonastes, a more complex reaction 
might be expected, because of the presence of ulvospinel and spinel 
components in the solid solution. However, the oxidation would still be 
expected to involve the formation of an aluminous sesquioxide phase and 
an iron-rich spinel phase. At low temperatures, the oxidation process 
is envisaged as occurring in a way similar to that suggested for 
titanomaghemite formation (Lindsley, 1976), namely by the replacement of 
Fe2+ ions by Fe3+ ions and a corresponding number of vacancies. The 
spinel thus produced, would be non-stoichiometric and metastable, with 
respect to decomposition into a stoichiometric spinel and a sesquioxide 
( analagous to the oxidation-ex solution of ilmenite from 
titanomagnetite). However, the nucleation of the sesquioxide phase, with 
its hexagonal close-packed oxygen framework, would be expected to have a 
high activation energy. Thus, at lower temperatures, alternative 
processes, involving smaller activation energies, might be favoured. 
From the structure, morphology and orientation of the replacement 
texture developed in the pleonaste, it is evident that the sesquioxide 
nucleation process did not occur. On the contrary , the relationship of 
..c. 
the rep~ement texture to the original pleonaste and titanomagnetite, has 
all the characteristics of a microstructure produced by a cellular, or 
discontinuous, precipitation mechanism (Christian, 1975; Yund and 
Mac Callister, 1970). In this process, cells of lamellae, or rods, 
generally lying parallel to one another within a given cell , form at 
I I 
Figure 3.11 
A schematic representation of the lamellar configuration developed 
during cellular precipitation . A is the metastable matrix phase, Band C 
are the product phases, and Lis the characteristic wavelength developed 
during decomposition. 
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grain boundaries and replace the metastable phase. The cell comprises 
two phases, forming alternating lamellae ( figure 3. 11), which grow by 
the edge-on or end-on consumption of the metastable phase, so that the 
average composition of the product phases is equal to the bulk composi-
tion of the original parent phase. This mechanism obviates the need for 
long range diffusion ( c .f. nucleation and growth), because the 
interface, between the exsolving and matrix phases, is always advancing 
into fresh matrix material. This process results in a growth rate which 
is linear with time, as opposed to the parabolic growth rates of 
processes controlled by long range diffusion. The interlamellar 
spacing, developed within the cell itself, is a function of temperature; 
the small scale ( ~ 10nm) of the spacing developed in this case is in 
keeping with a low temperature origin. 
It would seem, therefore, that the metastable, oxidized pleonaste 
unmixed by a discontinuous mechanism. From the diffraction evidence, 
however, it appears that the products of the decomposition are not the 
equilibrium phases of iron-rich spinel and aluminous sesquioxide, but 
I instead consist of a spinel, which is intergrown with an intermediate 
I 
phase (Champness and Lorimer, 1976), which has a spinel superstructure. 
The superstructure is envisaged as being formed by vacancy ordering, in 
a way which is similar to the manner in which the superstructure 
develops in titanomaghemites. The vacancy-rich spinel is an 
intermediate, · or transitional , phase, in the sense that it has a free 
energy which is intermediate between that of the initial, disordered, 
non-stoichiometric spinel, and that of the , equilibrium assemblage of 
spinel plus sesquioxide. The formation of such metastable, intermediate 
phases is a common phenomenon in exsolution processes, and represents a 
kinetically more favourable route than the direct nucleation of the 
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stable phase. 
The formation of intermediate phases, as alternatives to the exsolu-
tion of sesquioxides from spinels, is a well established phenomenon 
(Greskovich and Stubican, 1968; Dekker and Rieck, 1974; Lewis, 1969; 
Putnis and Price, 1979). All the intermediate phases reported previously 
have had superstructures based on spinel, and have been produced by 
vacancy ordering. All but one of these intermediate phases have been 
formed during the breakdown of a once stable, high-temperature solid 
solution between a spinel and a sesquioxide. However, the intermediate 
phase described by Putnis and Price (1979), found in chromites from the 
Rhum Layered intrusion, is believed to have resulted from low tempera-
ture oxidation. The intermediate phase, found in this study, is 
believed to have the same structure as the intermediate phase described 
by Putnis and Price (1979). This structure can be described as having a 
body-centred orthorhombic, or pseudo-orthorhombic cell, with cell 
parameters 8 , §/ff and 39/ff, and is characterized by the tripling of 
the original [220 J direction in the spinel structure ( figure 3. 12). 
However, because of the weakness with which the superlattice spots are 
developed, and because of the complex twinning, the exact nature of the 
intermediate structure observed in this study cannot be proved 
unambiguously. 
3. 8 Concl usion-s 
A TEM survey of titanomagnetites has indicated that exsolution 
derived microstructures are more common than has been previously 
supposed, and that consequently a more detailed study of the effect of 
ex solution microstructures on the magnetic properties of 
Figure 3. 12 
The relationship between the unit cell of the spinel structur e 
(dashed lines) and the unit cell of the intermediate phase (full lines). 
The black and starred dots represent lattice points of the face-centred 
spinel structure, while only the starred dots are lattice points in the 
body-centred intermediate structure (after Putnis and Price, 1979) 
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titanomagnetites is required. In addition , observations made on 
oxidized aluminous spinels have revealed microstructures, characterized 
by the development of a non-stoichiometric phase with a spinel 
superlattice. The spinel superstructure is different from that found in 
titanomaghemites. 
It has been found that the probable mechanism of formation of the 
ex solution microstructure in many titanomagnetites is spinodal 
decomposition and that, as the microstructures coarsen, the volumes of 
the magnetite-enriched regions increase and their shape changes from 
cubic to plate-like. These changes of shape and volume are likely to 
have an effect on the blocking temperature and other magnetic properties 
of these oxides. In addition, the coherent nature of the ex solution 
microstructure may also have an effect on the titanomagnetite 
coercivity. 
In subsequent chapters, the mechanisms and processes of the develop-
ment of the titanomagnetite microstructures will be discussed. A kinetic 
model will be developed in order to quantify the thermal history of 
titanomagnetites, from the nature of the exsolution-derived microstruc-
tures which they carry. 
4.1 Introduction 
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Chapter 4 
The Evolution of Titanomagnetite 
Exsolution Microstructures 
In this chapter, the evolution of the ex solution-produced 
micro~tructures in titanomagnetites will be discussed, and put into the 
context of the theories of micro structural growth and coarsening. In 
doing this, it will be necessary to outline the theory behind the 
concept of growth of micro structures, and to discuss the mechanisms of 
microstructural coarsening. This will involve considering the effect of 
chemical free energy reduction on the kinetics of microstructural 
development, and also the effect of growth on the nature of the 
precipitate-matrix interface. In addition, the role of strain and 
surface · energy in the development of ti tanomagneti te microstructures 
will be discussed, and from the nature of the microstructures described 
in Chapter 3, an estimate of the ulvospinel-magnetite interfacial energy 
will be made. _Since little work has been carried out in these fields on 
silicate microstruc.tures, much of the necessary theory will be taken 
from the metallurgical literature. 
It is the aim of this chapter, therefore, to give a detailed 
description of the processes involved in microstructural development, so 
that in a later chapter a realistic, mathematical model to describe the 
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micro structural development of ti tanomagneti te ex solution textures can 
be advanced; or failing this, so that the short-comings of any 
unrealistic model can be identified. 
4.2 The driving forces of microstructural development 
Materials behave in such a way as to minimize their overall free 
energy, and it is this minimization of free energy which acts as the 
driving force for the chemical unmixing of unstable or metastable solid 
solutions, as well as for the subsequent changes in the ex solution-
derived microstructures. When a solid solution unmixes, under isothermal 
conditions, the precipitate phase grows as fast as solute can diffuse to 
it, from the surrounding matrix. During this period of micro structural 
change, the volume of the precipitate phase increases, and the solute 
content of the matrix decreases at an ever decreasing rate. This is the 
'growth' stage of ex solution, in which the driving force for 
microstructural change is the reduction in chemical free energy, brought 
about by chemical segregation. After the solute concen·tration of the 
matrix has everywhere decreased to a near-equilibrium level, it might be 
supposed that the micro structure would become static. This is not the 
case however, since any material containing fine-scale, ex solved 
particles has a large precipitate-matrix interfacial area per unit 
volume. This interfacial area is associated with a large surface energy, 
and so the microstructure will evolve with time , in such a way as to 
reduce the amount of surface energy in the system. This will gradually 
occur by the diffusion of the solute from the smaller, exsolved 
particles to the larger ones. In this way, the smaller particles are 
eventually dissolved, and the mean particle size increased. This is the 
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'coarsening' stage of microstructural evolution. 
In addition to responding to chemical and surface free energies, a 
microstructure will evolve in such a way as to minimize all other free 
energies in the system, including those deriving from such effects as 
strain, magnetic properties and s9 on. It is interesting to note, 
however, the relative magnitudes of the free energies associated with 
chemical, surface, strain and magnetic disequilibrium. Typically, these 
terms have the following values (Martin and Doherty, 1976);-
-1 i) chemical free energy changes on exsolution are >1 kJmole • 
ii) free energy changes associated with reductions in surface, 
strain or magnetic effects are k20Jmole- 1• 
Thus, the free energy changes associated with chemical equilibration 
are usually much larger than those for other effects. This fact will 
become important when the development of ex solution microstructures in 
cooling systems is discussed, since chemical equilibrium is never 
achieved during cooling. Consequently, the microstructural evolution 
will always be affected by both the chemical and surface energy driving 
forces. 
4.3 Mechanisms of microstructural development 
The process by which microstructures, resulting from simple exsolu-
tion events, grow and coarsen involves active atomic migration. This 
migration can occur either within the solid phases, or at the interfaces 
between the exsolved and matrix phases. In many cases, the diffusional 
process is itself the rate-determining step for the development of the 
microstructure. However, situations may arise in which the rate-
determining step is not the diffusion of the exsolving atoms, but the 
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actual rate of movement of the two-phase interface. These two mechanisms 
are considered below;-
i) Diffusion control. In an exsolution derived microstructure in 
which there is complete coherency (i.e. there is an exact correlation of 
lattice planes across the interface). between the exsolved and the matrix 
phases, which have the same structure, crystallographic orientation and 
similar cell parameters, the migration of the two-phase interface (AB in 
figure 4.1a) by one lattice plane (to CD in figure 4.1a) can occur 
simply by the diffusion of atoms of the exsolving phase into the lattice 
plane, CD. In this case, no separate inter facial reaction is needed, 
and growth occurs simply by atomic diffusion. The growth of the 
titanomagnetite exsolution microstructure is envisaged as occurring 
exactly in this way. 
ii) Interface control. The above diffusion-controlled description of 
microstructural growth is not valid, however, for all coherent 
interfaces. The problem of boundary immobility occurs at coherent 
interfaces between phases with different crystal structures. The 
simplest example of this occurs at interfaces between face centred cubic 
and hexagonal close packed metals and oxides, when the boundary plane is 
parallel to (111) of the f.c.c. phase (e.g. the magnetite-hematite 
inter face) • If growth of the h .c .p. phase is to occur in a manner 
similar to that described above, then highly unstable loops of partial 
dislocations &nd stacking faults must be developed at the advancing 
interface ( see figure 4. lb). Since these dislocations and faults are 
associated with an energy of formation, it is. necessary to overcome an 
activation energy barrier before the interface can advance. One 
mechanism, which has been suggested, by which the . growth of such 
interfaces may occur more easily, is ledge migration ( Aaronson et al., 
Figure 4. 1 • • • • • • • 
A • • • • • • • B 
a) Coherent interface between two phases with the same structure. C 0 • 01 0 
·r 0 0 D the interface can advance simply by the diffusion of the exsolving atoms A 0 0 • 0 • 0 0 towards the two phase interface. 
b) • 0 0 0 0 0 • Some of the problems in the growth of a hexagonal phase from an 
f.c.c. phase by single atom jumps. The letters indicate the usual 0 0 0 • 0 0 0 
stacking sequences, l indicates a partial dislocation and \\\\ indicates 
an unstable stacking situation. 
c) Growth by ledge migration, rather than by diffusion controlled A A A A A A A A A 
growth. Typically ledges may be several unit cells in height. fee B B B lf;l~ 8 B B C C C _EB''k_ B C 
B A A A A A A A A A hep 
8 8 B 8 B 8 8 B B 
A A A A A A A A A 
'~ 
---+ Motion of Ledge 
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1970; and references therein) , in which the inter face advances by the 
lateral migration of growth ledges across the interface (figure 4.1c). 
This mechanism is thought to occur in several systems (e.g. Champness 
and Lorimer, 1976), including the growth of Widmanstatten plates 
produced as b.c.c. phases exsolve . from f.c.c. phases (e.g. in Fe-Ni 
systems). 
4.4 Microstructural growth 
In most ex solution events, whether they occur by nucleation or by 
spinodal processes, the early stages of unmixing occur rapidly. Thus, 
it is generally assumed that all centres of solute enrichment are 
present from the beginning of the transformation. A full analysis of 
microstructural growth has never been attempted because of the 
complexity of the problem (Martin and Doherty, 1976), and generally the 
only factors which are considered in an analysis of microstructural 
growth are the rate determining steps of diffusion or interface migra-
tion. 
i)Diffusion-controlled growth. The diffusion-controlled growth of an 
exsolving particle is described by the general diffusion equations, but 
for most cases, they are impossible to solve. Aaron et al. (1970) have 
studied the problem widely, but they followed closely the work outlined 
in Jost ( 1952) .• 
In order to describe growth of an exsolved particle into a matrix 
phase, Fick's second law of diffusion must be solved;-
2 DVC = c)C/dt 4. 1 
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where D is the diffusion coeffient, r/c is the second derivative of 
composition with respect to direction (x,y,z) and t is time. For the 
isothermal growth of an isolated, planar precipitate, this equation can 
be solved analytically, if Dis independent of composition, so that the 
lamellar half-width (W) is given by;~ 
4.2 
where A is given by;-
and 
1/2 ~
2 
T[ f e erfc(~) = -K/2 4.3 
and 
4.4 
where c1 is the concentration in the matrix at the precipitate-matrix 
interface, Cp is the concentration in the precipitate at the 
precipitate-matrix interface and CM is the bulk composition of the 
system. 
It is, therefore, possible to relate the isothermal growth of 
lamellar precipitates to D, t and the equilibrium compositions of the 
coexisting phases of the system. More complex boundary conditions, such 
as non-isothermal growth, or growth into a finite matrix, cannot 
--, 
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generally be solved analytically, but require numerical techniques for 
their evaluation. These problems will be discussed further in Chapter6. 
ii) Interface-controlled growth. The experimental study of the 
growth of Widmanstatten plates shows that their growth does not obey the 
simple parabolic growth law descrtbed above. Aaronson et al. ( 1970) 
suggested that the description of the ledge growth of Widmanstatten 
plates is not amenable to the diffusion based equation 4.1. They 
advance alternative models to describe such ledge growth, which will not 
be discussed here. However, the fact that growth of this type does not 
obey a parabolic law should be borne in mind when the analysis of the 
growth rates of Widmanstatten plates is discussed (e.g. Gold stein and 
Short, 1967), for it may prove that some re-assessment of the kinetic 
models used is required. 
4.5 The results of microstructural growth 
In the initial stages of nucleation, or of spinodal decomposition, 
precipitates with a coherent interface with the matrix phase are usually 
formed. Any misfit in the cell parameters of the ex solved and matrix 
phases is accommodated by elastic, 'coherency' strain (Christian, 1975). 
As the precipitate grows, however, the magnitude of the coherency 
strain, which is proportional to the volume of the precipitate, al so 
increases, and ultimately it may be energetically more favourable for 
the interfacial misfit to be taken up by dislocations lying in the 
precipitate~matrix interface. This reduces the elastic strain energy of 
the system , but replaces it , to a certain extent, by a quasi-surface 
energy, i.e. the energy of the interface dislocation itself. Whether a 
coherent precipitate becomes semi- or partially-coherent naturally 
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depends upon the energy of formation of interface dislocations, and the 
magnitude of the strain energy associated with coherent interfaces . 
As seen in Chapter 3, the coherency strain associated with 
ulvospinel-magnetite intergrowths may have an effect upon the magnetic 
properties of the oxide. It is, therefore, of interest to calculate at 
which stage the ulvospinel-magnetite intergrowth would be expected to 
lose its coherency. 
Aaronson et al. (1970) have outline~ the calculation of the energy 
of a misfit-dislocation boundary performed by Frank and van der Merwe 
(1949a,b), in which both phases forming the interface are taken to be 
cubic and in the same crystallograph orientation. The lattice misfit($) 
is defined as;-
~ = (a - a)/0.5(a + a) 
1 '2 1 2 
= ( a - a) le 
1 2 
where a and a are the cubic cell parameters of the two phases. The 
1 2 
treatment of Frank and van der Merwe leads to an expression for the 
energy of a dislocation bearing interface of;-
whe r e 
~ = 2nb(.!1,/ JJ) 
and 
1/fl. _ [(1-v)/f-!1•[(1-v)/1-1] 
1 1 2 2 
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where µ is the shear modulus at the boundary, µ and µ are the shear 
1 2 
moduli and v and v are the Poisson's ratios, within the two phases. It 
1 2 
is assumed that the equilibrium, inter-dislocation spacing (m) is given 
by c/ ~ , where c is the average cell parameter of the two phases. 
Van der Merwe has shown that at .least 98% of the total strain energy 
associated with the two phase interface is stored within a region either 
side of the interface, which is narrower than half the inter-dislocation 
spacing (m/2). Thus, if one of the phases (e.g. a l amellar precipitate) 
is sufficently narrow, or if fi is sufficently small, a fully coherent 
boundary will have a lower energy than one with an equilibrium arrange-
ment of misfit dislocations. The critic al thickness of a lamella, at 
which semi-coherency will be initiated, can be estimated using van der 
Merwe' s ( 1950) treatment. He showed that the elastic strain energy of a 
coherent plate is given by;-
2 
E = 2 µ W h/(1 - Zv) 
1 1 
4.6 
where W is the lamellar half-width. The critical half-width, W , is that 
C 
at which the coherency strain energy ( equation 4. 6) is equal to the 
energy of the misfit-dislocation interface (equation 4.5). Assuming that 
1. 
u = p = ~. v =v =v and considering misfits sufficently small that ~ = O, 
1 2 1 2 
then;-
0 = l n [ 4ll' ~/2 e( 1-v)]+ 4it" ~Wc (1 - v)/( 1- 2v) c 4.7 
where e = 2.303. 
For coexisting ulvospinel-rich and magnetite-rich phases,f = (8.53 -
8 4 ) 11 10 -2 . • 1 /8.47 = 0.0142, c = 8.47 11., \l = 8.2 x 10 Nm (Birch, 1966) and 
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v= 0.28 (Birch, 1966), then;-
Thus, this calculation predicts that only ulvospinel lamellae narrower 
than 170A will have coherent interfaces with magnetite; both those wider 
than 170A will have semi-coherent interfaces. Van der Merwe (1950) 
pointed out however, that in order to generate a misfit-dislocation it 
is necessary to overcome an activation energy ( associated with the 
change in entropy brought about by concentrating the energy of the 
interface at the dislocation, rather than having it spread over the 
whole surface). The coherent state is, therefore, usually found to be 
retained metastably, until W " = TC W /2. The expected lamellar half-
c C 
width attained before dislocations develop at the ulvospinel-magneti te 
interface is, therefore;-
II Q W : 1G.3 A 
c. 
Thus, ulvospinel-rich lamellae will tend to have coherent interfaces 
with magnetite if they are narrower than 300 K. Consequently, from this 
model all interfaces in titanomagnetite microstructures similar to those 
developed in oxides from Mt. Yamaska (Chapter 3) would be expected to 
be coherent, · and indeed most of the ul vospinel-magneti te interfaces in 
coarser micro structures ( similar to those in oxides from the Taberg 
intrusion) would also be expected to be coherent . These conclusions are 
in keeping with the observations outlined in Chapter 3. In fact, from 
these observations, it would appear that coherency is maintained even 
when the lam ell ae are wider than 3001L Aaronson et al . ( 1970) report a 
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similar underestimate of W II when the above calculation is performed for 
C 
several metallic interfaces. Indeed, they find that coherency is not 
lost, in many cases, until the lamellar phase has a half-width of from 
two to four times that of W 11 ( which for ulvospinel lamellae, correspond 
C 
to widths of 600 to 1200il). It wot.!ld, therefore, appear that coherency 
should be maintained in nearly all ulvospinel-magneti te inter growths. 
This may have a considerable effect on the magnetic properties of the 
titanomagnetites (as discussed in Chapter 3), and, as will be discussed 
below, coherency, or rather coherency strain, will also have a 
considerable effect on the way the titanomagnetite microstructure 
coarsens. 
4.6 Surface energy 
In the previous sections, the role of the free energy resulting from 
chemical disequilibrium in microstructural development was discussed. In 
this, and following sections, the effect of surface energy on 
microstructural development will be outlined, and an estimate of the 
surface energy of ulvospinel-magnetite interfaces will be made. It must 
be borne in mind, however, that while surface energy may be a driving 
force for changes in precipitate morphology, equilibrium is never 
attained, and therefore the kinetics of the processes are important. In 
addition, in _ cooling systems, neither chemical nor surface energy 
equilibrium is achieved and so precipitate growth, even at late stages 
in the development of the microstructure, will be a complex function of 
both these terms. 
Surface energy can be understood in terms of unsatisfied atomic or 
ionic bonds on the surface of a crystal, which cause the atoms at the 
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surface to have a higher energy than those in the body of the crystal. 
In addition, the surface is associated with an entropy term, which also 
contributes to the surface free energy. For crystalline solids, there is 
usually a difference in the number of 'broken bonds' per unit area for 
crystallographically different surfaces. Consequently, it would be 
expected that the measured values of "'6 , the surface energy, would be 
anisotropic. This variation of '6 with crystallographic orientation is 
normally represented on a polar ' o' -plot', figure 4.2, and for three 
dimensional crystals, on a full three dimensional plot (Christian, 
1975). The effect of the anisotropy of --6 is often reflected by crystal 
morphology, and in the development of 'negative crystals', produced, for 
example, by the condensation of excess vacancies within a crystal. One 
such set of negative crystals is shown in figure 4.2, which shows nega-
tive crystals within an ilmenite lamella, formed by the decomposition of 
a non-stoichiometric, vacancy-rich ti tanomaghemite. The relative 
magnitude of the surface energies of different crystal surfaces may be 
obtained from the Wulff theorem, which requires that for an equilibrium 
habit, i, Ix. must be constant, where i . is the energy of ·the i th surface 
and x0 is the distance of that surface from the centre of the negative 
crystal. However, no quantitative information on the value of i may be 
obtained in this way. 
4.7 Precipitate coarsening 
As well as a surface energy existing for a solid-gas or -liquid 
interface, there will be an interfacial surface energy associated with 
solid-solid interfaces. This arises from the fact that atoms on a solid-
solid interface are in energetically unfavourable environments. The 
Figure 4.2 
a) A schematic polar-surface energy plot ( after Christian, 1975) • 
Solid, irregular black lines correspond to the polar-surface free energy 
plot, dotted lines correspond to the equilibrium crystal morphology and 
lines radiating from O correspond to lines of equal t1x. 
b) Examples of faceted negative crystals developed in ilmenites from 
the Red Hill Sill, Tasmania. The section is taken approximately normal 
to [001], hence the near circular morphology of the holes. 
A 
100 nm 
Figure 4.3 
The expected distribution of particle size shown as frequency of 
occurrence of reduced radius (r/r) as a function of the reduced radius, 
for diffusion controlled coarsening (after Martin and Doherty, 1976). 
f (r/r) 
0.5 1. 0 
r/r · 
1.5 
-85-
solid-solid interfacial energy, however, is generally smaller than that 
of a solid-gas or solid-liquid irtterface. Relatively little is known 
about the magnitude of interfacial energies of non-metals; but for 
metals the specific interfacial free energy of a precipitate in a matrix 
is known to vary from 0.02Jm-2 to . 0.6Jm-2 (Martin and Doherty, 1976). 
The smaller values of the surface energy are found for coherent 
precipitates, with small lattice misfits, while the larger values are 
associated with incoherent interfaces. A value of 1.5Jm-2 has been 
determined for the interfacial energy between Ni-Tho2 (Footner and 
Alcock, 1972). Such a large value for the inter facial energy might be 
expected for the surface between phases which are so different 
chemically. There is no reason to suppose, however, that an oxide-oxide 
interfacial energy would be very different from the metal-metal interfa-
cial energies outlined above. In section 4. 7. 2, an estimate of the 
ulvospinel-magneti te interfacial energy will be made. However before 
this is done, the mechanisms and kinetics of surface energy driven 
microstructural changes must be outlined. 
4.7.1 The mechanisms and kinetics of microstructural coarsening 
As discussed in section 4. 2, the inter facial energy of a system 
carrying fine-scale precipitates is typically 2% of the energy 
associated wit.h the initial chemical disequilibrium. However, this 2% 
may correspond up to 2MJm~3 in some systems (Martin · and Doherty, 1976), 
and can therefore represent a significant dri v-ing force for coarsening. 
Microstructures are able to coarsen (i . e. increase the mean size of 
the precipitate phase) because small particles have a higher solubility 
in the matrix than larger particles have, since the smaller particles 
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have a larger surface area to volume ratio than the larger particles. 
The dependence of the solubility of a phase upon its size (or radius of 
curvature) can be expressed (for spherical precipitates, and dilute 
solutions), in terms of the equilibrium solubility C(oo) and the 
solubility C(r) of a particle of radius r, by the Gibbs-Thompson equa-
tion;-
ln{C(r)/C(oo )}: 2Vl /rRT 4.8 
where Vis the gram-molar volume of the precipitate. Since r is usually 
significantly larger than 2V) /RT, equation 4.8 can be expressed as;-
C(r) = c(~ ){1 + (2Vi /rRT)} 4.9 
This equation can be further modified to take into account both non-
dilute solutions (Purdy, 1971), and non-spherical precipitates. 
For systems in which lattice diffusion is the rate-determining step, 
the quantitative application of the Gibbs-Thompson equation to the 
modelling of microstructural coarsening is quite complex. However, 
analyses by Wagner (1961) and Lifshitz and Slyozov (1961) have been 
advanced to describe the development of microstructures with time. In 
their analysis, Lifshitz and Slyozov (1961) found that the isothermal 
coarsening rate of a spherical particle (dr/dt) was;-
dr 
d t 
D(_ D V'6 C(oo) 
---- ( 1/r -1/ r ) 
rRT 4. 10 
where r is the average precipitate radius. It follows, therefore, that;-
i) all particles with a radius smaller than r have a negative growth 
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rate, and therefore shrink. 
ii) all particles larger than r grow. Lifshitz and Slyozov ( 1961) 
found that the rate of growth is a maximum for particles with a radius 
1. 2r. 
iii) as r increases, the growth rate of all particles decreases. 
An initially fine dispersion of precipitates would change, 
therefore, by having the smaller particles resorbed, and the value of . r 
consequently increased. Those precipitates which had initial radii only 
slightly larger than r, would not grow sufficently rapidly, and after a 
short time, t, would have radii which were slightly smaller than r and 
would al so be resorbed. Similarly, very large precipitates would not 
grow as rapidly as those with a radius of 1.2f, and their radii would 
consequently tend to 1.2r with time. Lifshitz and Slyozov (1961) predict 
that an initially narrow, Gaussian distribution of precipitate sizes 
would relax to the steady state distribution shown in figure 4.3, with 
no precipitate larger than 1. 5r. The equation that they derived to 
describe the coarsening of such a microstructure is;-
_3 _3 --1. 
r - r = 8DV o C(~)t/9RT 
0 
4. 11 
Lifshitz and Slyozov (1961) have also shown that this type of relation-
ship between r and t is expected to hold for the coarsening of non-
spherical precipitates. However, the above equation should be modified 
by a term proportional to the volume fraction of the precipitates, in 
order to allow for the interaction of precipitates during coarsening 
(Ardell, 1972). 
Many experimental studies upon the isothermal coarsening of 
micro structures have upheld the findings of the theoretical treatment 
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outlined above. However, there are several types of microstructure which 
do not obey the above r 3°' t law. Perhaps the most important of these, 
with respect to the development of titanomagnetite microstructures, is 
the example of 'tweed' structures, which have been widely reported as 
resisting coarsening (e.g. Tanner, . 1966; Warlimont and Thomas, 1970). 
Aubauer ( 1972) has proposed an explanation for this phenomenon, based 
upon the assumption that the coherent interface between the precipitate 
and matrix phases is slightly diffuse (in keeping with the calculations 
of Cahn and Hilliard ( 1959), on the early stages of nucleation and 
spinodal decomposition). On the basis of this model, and by making the 
assumption that the rim thickness, RT , is constant and independent of 
the precipitate size, r, Aubauer ( 1972) showed that for sufficently 
small values of 1/eRT (where e is a function of the elastic strain 
energy), it is possible to achieve an energy minimum; and so produce a 
micro structure resistant to further coarsening, at some value of r, 
which may be very small. 
Aubauer's theory has, however, been widely critized (e.g. Hopper and 
Uhlmann, 1972), and alternative theories to explain th~ resistance of 
microstructures to coarsening have been proposed by Brown et al. (1973). 
Further insight into the anomolous behaviour of such 'tweed' textures 
can be gained by considering the likely mechanisms for their develop-
ment. De Fontaine ( 1975) points out that cloth-like or even lamellar 
textures do .not coarsen through a homogeneous expansion of the 
characteristic wavelength in an 'accordion fashion' , but rather by a 
local doubling of the wavelength, by the · selective resorption of 
lamellae at faults in the periodicity of the structure. Although for 
1/3 
lamellar microstruct~res, this coarsening may obey a t law (de 
Fontaine, 1975) the coarsening of the more complex , three dimensional 
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or interpenetrating micro structures, is likely to be severely 
complicated by cross-cutting lamellae, and is beyond a detailed 
mathematical analysis. 
4.7.2 The role of surface energy in titanomagnetite microstructures 
As discussed above, the development of titanomagnetite microstruc-
tures is going to depend both on chemical and surface energy driving 
forces. The former will probably dominate at all times in rapidly cooled 
oxides, while the surface energy may be more important in more slowly 
cooled systems, where the compositions of the exsolving and matrix 
phases may be closer to equilibrium. The surface energy term will, 
however, play an important role in determining the morphology of the 
exsolved phases, where the final shape adopted by a coherent particle is 
determined by minimizing both surface and strain energy terms. The 
balance between these terms may vary during growth, since surface energy 
is a function of surface area, while strain energy is a function of 
volume. Thus, for precipitates with small volumes, the ·surface energy 
term tends to dominate, while for larger volume precipitates, the strain 
energy determines the precipitate morphology. One example of the effect 
of surface and strain energies on titanomagnetite microstructures can be 
seen in the change of morphology of the magnetite-enriched particles, 
with the increasing volume of these magnetite-rich reg ions. In the 
coarse microstructures developed in oxides from the Taberg and the 
Freetown Gabbro intrusions the magneti te-enrtched regions are seen to 
occur as plates (e.g. figure 3 .6a), with axial ratios of up to 10: 1, 
while in microstructures in which the volume of the magnetite-rich re-
gions are smaller, such as in oxides from Mt. Yamaska, the magnetite-
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enriched regions occur as cubes. Similar variations of precipitate 
morphology, with precipitate size, have been observed in Nimonic alloys, 
which are of the type Ni-Ni 3x, where X = Al, Fe, Be, Si ( Ardell and 
Nicholson, 1966; Hornbogen and Roth, 1967). In these alloys, an ordered 
Nil phase exsolves from a disordered Ni-X solid solution, to give 
small, coherent cubes which coarsen to larger, coherent plates. This 
variation in precipitate morphology is interpreted as reflecting a 
change in the balance between the surface energy and the coherency 
strain energy terms, as the precipitates grow. 
The relationship between surface energy, strain energy and 
precipitate morphology has been investigated, in particular detail, for 
the coherent precipitates of Ni 3x in the Ni-X systems. It has been found 
that a general relationship between ~ ( the measure of lattice misfit, 
usually proportional to the surface and strain energies), particle size 
(d) and precipitate shape, could be derived, and is shown in figure 4.4. 
For intermediate values of~ -d, the occurrence of cube-shaped particles 
is indicated. This particle shape (rather than a sphere) has yet to be 
theore tically explained fully. However, it has been shown that dila-
tion of a misfitting sphere, in a cubic lattice, may result in displace-
ments of the sphere into a cube with rounded edges and { 100} faces ( Mann 
et al., 1961). The occurrence of cubes in both Nimonic alloys and in 
titanomagnetite microstructures, is probably related, therefore, to the 
anisotropic elastic energy contribution of the potential of atoms near 
the surface of the precipitate. This causes the atoms to diffuse into 
positions such that a cubic morphology is obtained (Warlimont, 1972). 
As the cubes grow the strain energy increases, and once the particle 
size has exceeded a critical volume, it becomes energetically favourable 
for the precipitate to adopt a low-strain, plate-like morphology. 
Figure 4.4 
The relation between misfit (~ ), particle diameter (d) and particle 
shape for precipitates of Ni 3X in Nimonic alloys (after Warlimont, 
1972). 
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As stated above, a precipitate adopts a morphology which minimizes 
its overall free energy. The surface energy of the precipitate is 
minimized (for isotropic 1) when the particle adopts a spherical 
morphology; however, this is not the morphology which mininizes strain 
energy. Nabarro (1940) proposed th~t for incoherent particles of a 
general shape, represented by an ellipsoid of revolution, with semi-axes 
Rand Y, the strain energy per unit volume for an isotropic medium could 
be expressed as;-
2 
E = 2µ( 6V) E(Y/R)/3V 4. 12 
where µ is the shear modulus, assumed to be the same for both 
precipitate and matrix, t V is the difference in cell volume between the 
precipitate and matrix phases, Vis the specific volume of the exsolving 
phase and E(Y/R) is a function dependent on the precipitate shape ( = 1 
for a sphere and= O for an infinitely thin plate). 
A similar analysis for coherent precipitates, however, shows that 
the strain energy per unit volume is virtually independent of 
morphology. For a coherent sphere;-
2 E = 2(1 + v)f-1(6) V/9(1 - v) 4. 13 
where t:i is the _volume strain and v is Poisson' s ratio. By considering 
the elastic properties of a cubic crystal, Nabarro (1940) showed 
approximately, that a plate-like particle had a lower coherency strain 
energy than a spherical particle, and that the ratio of the strain 
energies per unit volume of a sphere and a plate was given by;-
Esphe r e 
E 
p la t e 
= 
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2(C - C ) 
11 12 
where c11 and c12 are the elastic constants of the phase. 
4. 14 
The observed change, outlined above, in the balance between the 
strain and the surface energy term.s, as the ti tanomagneti te micro struc-
ture coarsens, enables an estimate of the ulv6spinel-magnetite surface 
energy to be made. If it is assumed that the strain energy per unit 
volume of a coherent, magnetite-rich, cubic precipitate is given by 
equation 4.13, and that the strain energy per unit volume of a coherent, 
magnetite-rich plate is given by equation 4.14, it is possible to 
calculate the reduction in strain energy per unit volume ( t, E t . ) 
s rain 
which could be achieved if the morphology of the magnetite-rich phase 
was transformed from that of a cube to that of a plate. Again, using 
10 -2 
values of v = 0.28 and JJ = 8.2 x 10 Nm , and assuming that the cell 
parameters of the coexisting magnetite and ulvospinel-rich phases are 
8.41 and 8.53A respectively, equation 4.13 can be evaluated to give;-
E 
cube = 2650 Jmole-
1 
= 60 Jcm-3 
Similarly, using values of c11 and c12 of 2.75 and 1.04 Mbars (Birch, 
1966) equatio~ 4.14 yields;-
E /E 
cube plate = 2.4 
Thus, the energy released by transforming from a coherent cube to a 
coherent plate is;-
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= Ecube - Eplate 
= 0.58Ecube 
= 34.8 Jcm-3 
To prevent this morphological change occurring, the increase in 
surface energy produced by the cube to plate transformation must exceed 
the magnitude of the strain energy released by the change. In the oxides 
from Mt. Yamaska, cubes of size 1000! are stable with respect to 
transforming to plates of axial ratio 10:1, unlike the larger magnetite-
rich regions in oxides from the Taberg. The change in the surface area 
(b. A) of the precipitate in transforming from a cube to a rectangular 
plate, of equal volume, but with an axial ratio of 10:1 is given by;-
1 l.. 2. 
/1 A = 6a - 2b - 0. 4 b 
where a is the length of the side of the cube, and b is the length of 
the plate (b : 3.!1oa3 ). For the yamaskite specimen, a= 1000A; therefore;-
!:,. A = 0.5 x 10-9 cm2 
The change in the surface energy associated with a cube to a plate 
morphological change is, therefore;-
I:,. E 
surf : 0 , 5 X 1 0 -
9 
"'6 J 
where~ is the magnetite- ulvospinel interfacial energy per unit area of 
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interface. 
Since the microstructure in the titanomagnetites from Mt. Yamaska is 
dominated by magnetite-rich cubes, it follows that;-
thus, 
> 6 Estrain 
'6 > 0.70 -2 Jm 
In order to determine whether the result of this approximate 
calculation is reasonable, it is necessary to compare the value of 't 
calculated for the ulvospinel-magneti te interface with values of o for 
coherent interfaces in other systems. Typical values of "6 in 
metallurgical systems are given in Table 4.1. No values for oxide 
inter facial energies could be found, however, for comparison. From Table 
4.1, it will be noted that the larger the lattice misfit, the larger the 
value of l> tends to be. The correlation of the ulvospinel-magnetite 
misfit of 1.5% to the calculated interfacial energy of o >0.7 Jm-2 , is 
in good agreement with values found in metallurgical systems (e.g. Co-
Cu). 
The calculated value of '6 may, however, be an over-estimate, since 
it was assumed that the strain energy of a plate with an axial ratio of 
10:1 was equal to that of an infinitely thin, coherent plate. This is 
unlikely to be true, however, and the corresponding value of 6 E t . 
s rain 
may be smaller than the value used above. 
Table 4 . 1 
Interfacial energies in some metallic .systems (from Martin and Doherty, 1976) 
System Misfit % 
Ni-Si 0 . 3 
Ni-Al 0.5 
Ni-Ti 0 . 9 
Cu-Co 1.8 
Cu-Zn-Sn 0 . 4 
cu:..zn 0.1 
Cu-Fe 3.0 
-2 Energy Jm 
0 . 011 
0.014 
0 . 021 
0.20 
0.09 
0.13 
0.13 
11 
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4.8 Magnetite-ulvospinel morphological asymmetry 
As can be seen from the observations outlined in Chapter 3, a 
significant feature of titanomagnetite microstructures is the asymmetry 
that exists between the morpholqgy of the ulvospinel-rich and the 
magnetite-rich phases. Ul vospinel, when ex solved from ti tanomagneti tes, 
al ways occurs as an interconnecting, lamellar phase, whereas magnetite 
occurs as rectangular or cubic blocks. This asymmetry is quite unusual 
for exsolution-derived microstructures formed from isostructural phases. 
For example, in ilmenite-hematite and in albite-orthoclase intergrowths, 
the morphology of the exsolved phase is the same, which ever phase is in 
the minority. Morphological asymmetry has been found in the exsolution 
textures of some systems, however; for example the sphalerite-
chalcopyri te system ( Ramdohr, 1969). As far as the author is aware, no 
explanation for such asymmetry in exsolution morphology has been 
advanced. 
The ulvospinel~magnetite morphological asymmetry is also not in 
keeping with Cahn' s ( 1966) theoretical treatment of the coarsening of 
spinodal textures. His analysis indicates, that for materials of an 
unsymmetric composition, which unmix spinodally, coarsening of the 
microstructure leads to the loss of the connectivity of the minor phase, 
and that separate, minor phase rich particles are formed. However, in 
ti tanomagnetite textures, which have been interpreted as having 
developed by the coarsening of a spinodal microstructure, magnetite 
always occurs as the unconnected phase , and ulvospinel as the 
interconnecting phase, even when the volume of the ulvospinel component 
is significantly in the minority. 
The asymmetry in morphology must reflect, to a certain degree, 
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asymmetry in the physical properties of ulvospinel and magnetite, which 
have a bearing on the precipitate morphology. These properties include;-
i) surface energy. 
ii) elastic properties. 
iii) magnetic properties. 
i) Surface energy. As discussed above, interfacial energy has a 
considerable effect on the morphology of precipitates, but the concept 
of interfacial energy asymmetry is not a reasonable one. For al though 
the surface energies of magnetite and ulvospinel may be themselves 
different, the inter facial energy of an ulvospinel-magneti te interface 
must be the same whether the matrix is ulvospinel with magnetite 
precipitates, or vica versa (Christian, 1975). Hence differences in 
interfacial energy cannot exist in this sense, and so cannot affect the 
precipitate morphology. 
ii) Elasticity properties. The calculations performed above, in 
estimating strain energies, were performed with the assumption that the 
elastic properties of the matrix and precipitate phases ·were identical. 
This assumption, however, is unlikely to be strictly valid, and it is 
possible that if the elastic properties of the two phases were suffi-
cently different, the strain energy term might be smaller for a 
microstructure of ulvbspinel lamellae separating magnetite cubes, rather 
than for magnetite lamellae separating ulvospinel cubes. In equation 
4.6, it was shown that the elastic strain energy of a coherent lamella 
was given by;-
4.6 
j 
I 
I 
l 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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where µ and v were 
1 1 
the shear modulus and Poisson's ratio of the 
precipitate phase. Thus, it can be seen that it is possible, with 
suitable values of µ1 and v1 , for the development of ulvospinel lamellae 
to be associated with less elastic energy than magnetite lamellae. N6 
data are available, however, on the elastic properties of ulvospinel. 
Elasticity data for other spinels (Birch, 1966) indicate only a small 
variation inµ and v ; however the scale of variation may be sufficent 
to affect the morphologies of the precipitates. 
iii) Magnetic properties. Perhaps one of the most obvious 
differences between ulvospinel and magnetite is their respective 
magnetic behaviour and Curie ( or Neel) temperatures. Magnetite has a 
Curie temperature · near 6oo0 c, while titanomagnetites of composition 
Ulvo50Mag50 have a Curie temperature near 375°c (about 10°c below the 
calculated spinodal temperature, Chapter 5). 
It is well established that magnetic properties can have a 
considerable effect on the development of ex solution microstructures 
and, in fact, this phenomenon is used to produce the commercially 
important Alnico alloys ( de Vos, 1969). In these alloys, a magnetically 
favourable microstructure is developed by annealing the spinodally 
unmixing alloy in a strong magnetic field. The resulting microstructure 
is ( in two dimensions at least) very similar to the microstructure 
developed in spinodally unmixing titanomagnetites. 
Cahn (1961) has analysed the effect of a magnetic field on spinodal 
decomposition. He concentrated on analysing the factors controlling the 
direction of the compositional fluctuation development, and the 
resulting morphologies . He found that compositional waves , which formed 
parallel to the magnetic field were favoured over those which developed 
normal to the field . However, the resulting morphology was more likely 
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to be affected by the anisotropy of the elastic constants of the 
crystal, than by the magnetic field. In the titanomagnetite ·microstruc-
tures studied, no deviation away from { 100} morphology has been found, 
and so it is concluded that the Earth's magnetic field is too weak to 
affect the directions of the compositional waves developed in 
titanomagnetites during spinodal decomposition. 
It is possible, however, that the energy associated with 
magneto static ( or shape anisotropy), magnetocrystalline anisotropy and 
magnetostriction (McElhinny, 1973; Cullity, 1972) may play a role in 
the development of the titanomagnetites microstructure. Two effects can 
be considered to favour the formation of isolated magnetite-rich cubes 
over the development of interconnecting magnetite-rich lamellae;-
i) Isolated cubes of magnetite can behave as single domain grains, 
and so possess no domain wall energy, while interconnecting magnetite 
lamellae would be multidomain in nature, and so have an energy 
associated with domain walls. The domain wall energy is only 0.5 x 10-3 
-2 Jm , however, and so is unlikely to have any major effect on the 
microstructures developed. 
ii) The shape anisotropy of a single domain grain gives rise to a 
magnetostatic energy, which is give by (McElhinny, 1973);-
4.15 
where vis the volume of the grain, 8 is the angle between the magnetic 
field and the direction of magnetism (<111> in spinel) and K is a term 
given by ; -
K = 0. 5 (AN) J ~ 4. 16 
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where J is the saturation magnetization and 6. N is the demagnetizing 
s 
factor. N = 0 for a cube and= 211" for plates (McElhinny, 1973). Thus, 
the energy difference between the magnetostciic terms of a cube and a 
plate is;-
4. 17 
For magnetite, J = 480 emu cm-3 , and the maximum value of e which can 
s 
be obtained (when the magnetic field is aligned along [100]) is equal to 
half the tetrahedral angle. Thus, for a small, 100.ll cube of magnetite, 
the maximum increase in energy on transforming from a cube to a plate 
would be;-
ti E 
mag : 3 X 10-
20 J 
This compares with the corresponding surface energy change of;-
. -15 
:1.Sx10 J 
for an interfacial energy of 0.7 -2 Jm • Thus, the magnetostatic energy 
is small compared with the interfacial energy, which is itself small 
compared with the chemical free energy available at the early stages of 
unmixing. It appears, therefore, that the magnetic properties of 
. magnetite would not play an important role in the development of 
ti tanomagneti te microstructures. The calculations employed above have, 
however, been relatively unsophisticated, and it is possible that a more 
detailed analysis of the problem may indicate that the magnetic 
properties of the system are not totally negligible when considering the 
development of titanomagnetite microstructures. 
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4.9 Conclusion 
It is now possible to review the evolution of the exsolution-derived 
micro structures of ti tanomagneti tes during cooling. In particular, the 
microstructures produced by the coarsening of spinodal fluctuations of 
titanomagnetites with compositions near the centre of the solid solution 
can be described as follows;-
As the oxide is cooled to temperatures below the coherent spinodal, 
the instability of the solid solution to compositional fluctuations 
results in a fine-scale, ill defined chemical heterogeneity. However, 
early in the ex solution process, the compositional waves parallel to 
{100} become dominant, and in keeping with Cahn's treatment of spinodal 
coarsening, the interface between the ulvospinel-rich and the magnetite-
rich regions becomes sharper. A fine cloth-texture develops comprising 
ulvospinel-rich lamellae and magnetite-rich cubes, apparently irrespec-
tive of the ulvospinel content. The magnetite-rich phase adopts a cubic 
habit probably because the strain or magnetic energy of the system is 
minimized by this arrangement. 
This microstructure grows, under the joint influence of chemical and 
surface energy disequilibrium, by the resorption of smaller lamellae and 
the elimination of faults in the periodicity of the microstructure. 
During this stage of development, the balance between strain energy and 
surface energy . is such that the microstructure is dominated by the 
magnetite-rich phase adopting a cubic morphology. However, once a 
critical cube-volume has been exceeded, it becomes favourable for the 
magnetite-rich phase to adopt a more plate-like morphology. This 
presumably occurs by the migration of the magnetite components to re-
gions of lower strain, and by the selective resorption of some 
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ulvospinel-rich lamellae. In order to minimize strain energy further, 
the individual magnetite-rich plates interact and align themselves into 
'stacks' of plates; the plates within the stacks being separated from 
each other by thin, coherent ulvospinel-rich lamellae, while the stacks 
themselves are separated by coarser . ulvospinel-rich lamellae, some of 
which may develop a semi-coherent interface. The overall degree of 
coherency, even in the coarsest microstructures is, however, still very 
high. 
At the later stages of microstructural development, therefore, 
surface and strain energies may play a significant role, while the 
earlier stages of growth are dominated more by the driving force 
resulting from chemical disequilibrium. The development of the 
titanomagnetite microstructure is, therefore, a relatively complex 
process, depending as it does on the interplay of several effects. Its 
development is consequently a difficult process to model mathematically, 
with accuracy. In Chapter 6, a model will be proposed to describe at 
least the major aspects of the development of the titanomagnetite 
microstructure. This model will, out of necessity, be over simplified; 
however, having outlined above the salient features of the 
microstructural development, it will be easier to determine the short-
comings of any model advanced to describe the microstructural develop-
ment of ti tanomagneti te ex solution textures. However, before a model 
can be used to_ give quantitative data on the thermal hi stories of 
titanomagneties, from the nature of their exsolution-derived microstruc-
tures, the available information on the parameters which determine the 
rate of growth of those microstructures must be examined. 
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Chapter 5 
Diffusion and Phase Relations 
in Titanomagnetites 
I. Diffusion in the titanomagnetite solid solution series 
5.1 Introduction 
Diffusion is an extremely important process in all crystalline 
materials, at temperatures above approximately one-third of their 
absolute melting point. Understanding the laws of diffusion is 
indispensible, therefore, in describing such geologically important 
phenomena as phase transformation kinetics, recrystallization, high-
temperature flow and, in general, all high-grade metamorphic events. 
There are two approaches to the study of diffusion processes;-
i) the continuum or thermodynamic approach, where diffusion is 
considered to be occurring in a continuous medium, and the atomic nature 
of the diffusio~ process is ignored. 
ii) the atomistic approach, where the atomic nature of the diffusing 
substance is explicitly considered. 
Many useful concepts and relationships are obtainable from the 
continuum approach and, in one sense, it simplifies the problems of 
treating diffusion, by directly relating the initial and the final 
states of the diffusing species . However, the continuum approach is 
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limited by ignoring the atomistic nature of diffusion, since in most 
cases, the results of the continuum or thermodynamic approach are not 
readily related to measurable, physical quantities. The atomistic 
approach, however, allows the various macroscopic quantities measured 
during diffusion, to be related to one another, in ways not always 
possible when a purely thermodynamic approach is adopted. The usefulness 
of the atomistic approach is generally limited, however, to structurally 
simple materials, such as metals. In these cases, the possible nature of 
the atomic behaviour during diffusion is restricted, and hence rela-
tively easy to model. In more complex structures, however, such as 
those of many oxides and silicates, the possible atomic behaviour during 
diffusion is more difficult to define, and hence the number of 
parameters needed in the models of atomic motion become unmanageable. 
This study is particularly concerned with diffusion in the iron-
titanium oxides, titanomagnetites; with particular reference to the 
effect of diffusion on the development of exsolution microstructures. 
The complexity of the spinel structure is such that the _ description of 
the diffusion of ionic species within the structure is probably beyond a 
simple, atomistic approach. However, in order that some of the 
difficulties involved in describing diffusion in such structures can be 
appreciated, and in order to outline some of the problems encountered in 
interpreting experimental results, it is necessary to review some of the 
basic concepts of the atomistic and thermodynamic approaches to diffu-
sion. 
5.2 Diffusion in simple, metallic structures 
As stated above , diffusion processes in materials with a simple 
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structure (e.g. close packed metals) can often be adequately described 
by an atomistic theory. Any theory of atomic diffusion must start with 
a consideration of the mechanisms involved in atomic movement. In 
crystalline solids, the ordered crystal lattice restricts the possible 
atomic movement during diffusion, and allows a relatively simple 
description of each, specific atomic displacement to be made. The basic 
assumption made to explain diffusion, is that each diffusing atom may 
make a series of jumps between various sites of minimum potential 
energy, within the structure; these jumps are, however, in more or less 
random directions. 
Several types of jump mechanism, which allow the atoms to move 
through the crystal, can be envisaged (Manning, 1968);-
i) Exchange and ring mechanisms. 
ii) Interstitial mechanisms. 
iii) Vacancy mechanisms (point defects). 
iv) Other defect mechanisms (diffusion along dislocations, etc.). 
Of these, only the first three categories are considered here, since 
this study is particularly concerned with volume diffusion, with respect 
to exsolution. 
In an ideal, defect-free, close-packed material, the probability of 
atoms jumping is small. Each atom is closely packed within many adjacent 
atoms, and a prohibitively high energy would be required to enable two, 
or more, atoms to jump simultaneously, to exchange positions (mechanism 
(i) above). Similarly, the energy required to displace an atom into an 
interstitial position, in a close-packed solid, is also prohibitively 
large (mechanism (ii) (Nicholas and Poirier, 1976)). Only the presence 
of point defects can account for the mobility of atoms, by volume diffu-
sion , in such crystalline structures . The following treatment , 
-105-
therefore, will only consider diffusion resulting from the presence of 
point defects, and follows accounts by Shewmon ( 1963), Manning ( 1968) 
and Nicholas and Poirier (1976). 
At any temperature, above OK, a crystal at equilibrium with its 
surroundings, contains a small, but finite, concentration of point 
defects or lattice vacancies. These vacancies exist, despite their 
energy of formation, because of the favourable free energy term that 
they contribute to the system, through configurational entropy. Atomic 
diffusion can be considered to be a result of vacancy motion, so that 
if, by a thermal fluctuation, a vacancy jumps from one lattice site to 
another, an atom moves in the opposite direction. The movement of atoms 
induced by the wandering of vacancies is termed self-diffusion. The 
mobility of atoms through a crystal is described by the self-diffusion 
coefficent, D sd. This coefficent is a function of the free energy of 
formation and motion of vacancies in the crystal (t:,. G), the jump distance 
(a) and the jump frequency (v );-
2 
= a ':I exp( - t,G/kT) 5. 1 
Since the free energy term above can be expressed in terms of 
entropy and enthalpy, this equation can be re-arranged to give the 
Arrhenius Law form for self-diffusion;-
2 
= avexp( t:,. S/k)exp( -t:,. H/kT) 
5.2 
where D is the pre-exponential factor and .6.H is the activation enthalpy 
0 
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for self-diffusion . 
From this formulation, the effect of hydrostatic pressure on the 
self-diffusion coefficient can be expressed by rewriting equation 5. 2 
as ;-
= D exp{-( ~E + Pt V)/kT} 
0 
5.3 
where 6E is the activation energy for self-diffusion and 6 V is the 
activation volume for self-diffusion. In most cases, ~Vis positive and 
the coefficent of diffusion decreases as hydrostatic pressure increases. 
The exact value of 6 V is usually unknown, and its effect on the diffu-
sion coefficent is often ignored. However, it has been found that for 
metals like lead, an increase in pressure of 10kbars, brings about a 
corresponding decrease in D of about a factor of ten (Hudson and 
Hoffman, 1961). If such changes were to occur in silicates and oxides, 
the effects on the kinetics of geologically interesting processes might 
be significant. 
The processes described above relate to random motion, and not to 
diffusion under the influence of a driving force. Such a force results 
from the existence of a potential energy gradient within a crystal, 
produced by s.uch phenomena as electric fields, non-ideal chemical poten-
tials etc. (Manning, 1968). A potential energy gradient is frequently 
set up by a concentration gradient within a crystal, where the chemical 
potential of the species involved is not uniform across the entire 
system. In such a system, the flux of atoms across an unit area of a 
plane normal to the gradient, is given by;-
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J = -D(dc/dx) 5.4 
This is Fick's first law (written for planar diffusion), where J is 
the flux, Dis the diffusion coefficent and dc/dx is the concentration 
gradient (c has units of moles per unit volume). This equation can be 
used to define a 'diffusion coefficent', regardless of type of diffusion 
involved, or the nature of the diffusing species, but which does depend 
upon the frame of reference, with respect to which the flux is measured. 
The diffusion of radio-active isotopes of a material, in a matrix of 
the same chemical species, is called tracer self-diffusion, and the 
tracer self-diffusion coefficent, determines the rate of this 
• process. Dsd is not equivalent, however, to Dsd of a material, because 
tracer diffusion cannot be considered as an entirely random process, 
since there is a correlation between successive jumps (Manning, 1968). 
Diffusion of small amounts, or traces, of a component in a matrix of 
another phase is described simply as tracer diffusion, where D~ is the 
]. 
tracer diffusion coefficent of i within the matrix phase. When the 
diffusing species has a concentration, which is significantly greater 
than trace amounts, the rate of mixing of the matrix and diffusing 
species depends upon the diffusion rates of both species. These diffu-
sion coefficents are called intrinsic diffusion coefficents (D1). 
However, if a .concentration gradient of two species exists within a 
crystal, the rate at which the concentration gradient is destroyed, by 
diffusion, can be described by a single interdiffusion coefficent, D. 
This interdiffusion coefficent is, however, itself a function of the 
intrinsic diffusion coefficents of the interdiffusing species. 
Of the diffusion coefficents defined above, the tracer diffusion 
coefficent and the interdiffusion coefficent are generally measured in 
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simple experiments. Many of the problems associated with the treatment 
of diffusion, lie in trying to relate the tracer, the interdiffusion and 
the intrinsic coefficents to each other. In order to inter-relate these 
coefficents, it is necessary to combine both the atomistic and 
thermodynamic approaches to diffusion. For simple structures, the 
approximations needed to combine the atomistic and the thermodynamic 
approaches are relatively simple, and were outlined by Darken ( 1948) . 
Darken's analysis of the interdiffusion of two species (A and B) gives a 
- * * relationship between D, DA' DB and the activity (j ) of component A in 
the solid solution, as (Manning, 1968);-
D = ( N D ... + N D""" ) [ 1 + ( ln 'i I lnN ) J s 5 . 5 
A B B A A A 
where Sis a term to account for vacancy flow, and N. is the mole frac-
1 
-tion of component i in the solid. As can be seen from equation 5.5, Dis 
a function, amongst other things, of composition, and may vary 
significantly across a solid solution series (Shewmon, 1963). From 
experiments on many metallic systems, it has been found that the above 
relationship generally holds true, at least within the bounds of 
experimental error. Its application to more complex systems, however, is 
less straight forward, and will be discussed in the next section. 
Up until now, it has been assumed that Dis a term which is indepen-
dent of the direction of the flux relative to the crystallographic axes 
of the crystal. This assumption is true only for cubic crystals, but 
for non-cubic lattices a complete description of the relationship 
between the flux and the concentration gradient, requires a knowledge of 
two or more diffusion constants. The materials of interest in this study 
are, however, all cubic, and so all further treatment of diffusion will 
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be strictly applicable only to cubic phases. 
5.3 Diffusion in non-metallic materials 
There is reason to believe that all of the general theories, and 
most of the physical phenomena, discussed above, apply equally well to 
diffusion in metals and non-metals alike (Shewmon, 1963), although well 
studied examples of diffusion in ionic and semi-conducting materials are 
relatively rare. Because of the special, electrical properties of ionic 
solids, several effects which are related to diffusion are found in 
ionic solids and semi-conductors, which are not found in metals. 
An ionic crystal consists of at least two intermeshed sub-lattices 
of cations and anions. Vacancies exist in each sub-lattice, and can be 
electrically charged. Vacancies of opposite charge may migrate indepen-
dently of one another, or may be bound together; and the enthalpy of 
migration of the different vacancy types may indeed be different. In 
addition, the concentration of anion and cation vacancies may be 
affected by the introduction of differently charged impurity ions. The 
general constraint, however, upon vacancy motion is that electrical 
neutrality should be preserved within the crystal. This condition adds 
yet another constraint to the possible atomic fluxes during diffusion, 
which must be taken into account in the formulation of any diffusion 
equation. 
Yurek and Schmalzried (1974) analysed the problem of cation 
interdiffusion in two simple ionic oxides of the type MO (M = Co, Mg 
etc.), both with the NaCl structure. By considering the charge 
constraints upon the flux, they derived a relationship between the 
interdiffusion coefficent of the cations and the tracer diffusion 
I 
I 
I 
I 
I 
I 
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coefficents, which was virtually identical to that deduced by Darken, 
namely;-
D = ( N D .. + N D* ) [ 1 + ( ln 't I ln N ) J s 5 . 6 
A BB A AO A 
.. .. 
where DA and DB are the tracer diffusion coefficents of A in BO and Bin 
AO, respectively. 
When the values of D, measured across the CoO-MgO system, were 
compared with those calculated from the known tracer coefficents and 
activities, it was found that the calculated values of D were not in 
agreement with those measured. Yurek and Schmalzried (1974) concluded, 
therefore, that one or more of the assumptions made in the Darken's-type 
analysis were invalid for these ionic oxides, while they had been 
perfectly valid for metals. 
The assumptions made in deriving equation 5.6 for ionic oxides 
were;-
i) point defects are randomly distributed. 
ii) electron holes in the system have mobilities many times greater 
than ion vacancies. 
iii) the oxygen sub-lattice is immobile, relative to the cation sub-
lattice. 
iv) the point defect concentration is, at all times, in equilibrium, 
as defined by the independent thermodynamic variables of pressure, 
temperature, composition and oxygen fugacity. 
It was shown (Yurek and Schmalzried, 1974) that assumptions i), ii) 
and iii) were all valid for the system CoO-MgO. It was concluded, 
therefore, that the local point defect concentration was not maintained 
in equilibrium, in the diffusion zone. This conclusion was contrary to 
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the usual assumption that dislocations and sub-grain boundaries provide 
effective, internal sources and sinks for point defects. It was 
inferred, that in these oxides, changes in defect concentrations were 
achieved mainly by volume diffusion of point defects from the surface of 
the crystal. 
From the findings of Yurek and Schmalzried (1974), it is concluded 
that mathematical analyses, which give rise to equations similar to 
equation 5.6, should not be used to relate the different types of diffu-
sion coefficents involved in cation diffusion in ionic solids, unless 
all the assumptions made in their derivation can be shown to be true. 
Thus, until a more realistic atomistic model can be developed to 
~ describe diffusion in complex oxides, reliable values of D for two 
interdiffusing cationic species, in an oxide of a given bulk composi-
tion, can only be obtained by performing diffusion experiments on an 
oxide, of that desired composition. 
In addition to the problems associated with modelling the atomistic 
nature of the diffusional processes in ionic crystals outlined above, 
diffusion in oxides, like titanomagnetites, is further complicated by 
the occurrence of multivalent ea tions, such as the ions of Fe. The mo-
tion of electrons and cations of differing charges will again have a 
significant effect on the possible ionic fluxes during diffusion 
(Manning, 1968) •. Atomistic models of diffusion in titanomagnetites would 
probably also be affected by the fact that spinels have cation sub-
lattices, which are only partially filled or totally vacant, even in the 
ideal, stoichiometric structure. The presence of these 'structural 
vacancies' , combined with the occurrence of 'point defect vacancies' , 
widens the range of possible cation motion to an extent which makes 
atomistic modelling almost unmanageable . Cations, therefore , could 
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diffuse via the motion of point defects, or by moving through structural 
vacancies in some type of ring or exchange mechanism ( these processes 
would have lower activation energies than the corresponding processes in 
a.lose packed structures). In such an oxide, all of these processes could 
occur, and at any one temperature, the kinetics of cation diffusion 
would be controlled by the process or processes which occurred most 
frequently and most rapidly. Each of these processes would have a 
different activation energy, and so may be the dominant diffusion 
mechanism over a different temperature range. The overall, measured 
diffusion rates, therefore, may not obey a simple Arrhenius law over a 
very large temperature range. Thus, any experiment performed to measure 
D in spinels, should be carried out as near to the temperature of 
interest as possible. 
With this background to diffusion, and the particular problems 
associated with diffusion in titanomagnetites, the existing experimental 
results on diffusion in titanomagnetites will be reviewed, and the 
experiments which were performed in this study will be outlined. 
5.4 Previous studies of diffusion in titanomagnetites 
Several previous studies of diffusion in titanomagnetites have been 
made; however, . in some cases it is unclear exactly which diffusional 
process has been observed . The earlier studies of diffusion in 
titanomagnetites were based upon the rate of production of non-magnetic 
iron-oxides from titanomagnetite, during oxidation. It is unlikely, 
however, that the results obtained from these experiments have any 
bearing on the diffusion processes involved in the unmixing of 
titanomagnetite solid solutions, or even on Fe-Ti interdiffusion. 
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Creer et al. ( 1970) found that the magnetic properties of a basalt 
varied during heating in air, as the result of the oxidation and 
subsequent decomposition of the basalt's ti tanomagneti tes. From their 
observations, they deduced an activation energy of the decomposition of 
the oxidized titanomagnetite, to a Ti-rich ilmenite and an Fe-rich 
-1 
magnetite, of 0.5ev ( 11.5kcalmole ). Experiments performed by Petersen 
(1970), in which the measurement of the composition of a titanomagnetite 
before and after oxidation-induced decomposition, also enabled an 
activation energy for the oxidation-exsolution of ilmenite to be 
calculated as 0.5ev. Oxidation experiments by Ozima and Ozima (1972), 
however, yielded only an improbably low activation energy for decomposi-
tion of 0.033ev (0.75kcalmole- 1). 
It was argued by all these experimenters, that since the oxidation-
exsolution of ilmenite from titanomagnetite requires a redistribution of 
Fe and Ti, the activation energy measured for the process reflected the 
activation energy of interdiffusion of Fe and Ti in ti tanomagneti te. 
However, it is far from obvious that a complex proce~s, like the 
oxidation-exsolution of ilmenite, would have as a rate-determining step 
the interdiffusion of iron and titanium. In addition to this, the 
oxidation-exsolution of ilmenite probably occurs by the breakdown of the 
non-stoichiometric spinel, titanomaghemite (Lindsley, 1976), and so any 
diffusional process measured by these experiments would correspond to 
diffusion in a vacancy-rich phase, and would not be a true reflection of 
Fe and Ti diffusion in stoichiometric titanomagnetites. This conclusion 
is supported by two pieces of evidence;-
i) the general range of the activation energies found for the diffu-
sion of cations in spinels is between four and eight times that found by 
the above oxidation experiments (see Table 5 . 1). 
1-
Table 5.1 
Diffusion in spinels (from Am.Inst.J?hys. Handbook, 1963, McGraw-Hill Book Co.) 
SpineJ.. 2 -1 6E kcalsmole -1 Tracer D cm s 
0 
Fe 3o4 Fe 5.2 54.5 
ZnA1 2o4 Zn 5.0 X 1 0
1 77 .4 
NiA1 2o4 Ni 3.0 X 10 
-4 54. 5 
Zncr2o4 Zn 6.0 X 10
1 84.8 
Cr 8.9 80.4 
cocr
2
o4 Co 1.0 X 10 
-3 50.6 
Cr 2.0 69.4 
NiCr 2o4 Ni 8.5 X 
10-1 74.0 
Cr 7.4 X 10 -1 71.9 
ZnFe 2o4 Zn 8.8 X 
102 85.7 
Fe 8.5 X 102 81.3 
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ii) Diekmann and Schmalzried ( 1977) have shown that diffusion in 
non-stoichiometric titanomagnetites, is considerably faster than diffu-
sion in stoichiometric titanomagnetites. 
Using the radio-active tracer Fe59 , Diekmann and Schmalzried (1977), 
measured the tracer diffusion of Fe in a single crystal of magnetite, as 
a function of temperature and oxygen fugacity ( f ) . They found that 
02 
... 
curves of log(D )/log(f) all exhibited a minimum over the temperature 
Fe Oz 
range 900 to 140o 0 c, at a f0 which was in equilibrium with 2 
stoichiometric magnetite. At sufficently high f0 2 
curve had a slope of 2/3, and at low tl a slope 
?. 
* , the log(D )/log(f0 ) Fe z 
of -2/3. This allowed 
them to conclude that stoichiometric magnetite has Frenkel disorder 
(interstitial cation) in the cation sub-lattice, while at high f0 iron 2 
vacancies are responsible for the cation defects (Schotty defects), 
electrical neutrality being maintained by having excess trivalent iron 
~ Similar observations, of a minimum in the log(D )/log(f) curve 
Cr 0 2 
ions. 
have been made by Hodge ( 1978), for the tracer diffusion of Cr in 
magnetite. 
The diffusion of Fe59 in stoichiometric magnetite, over the tempera-
ture range of 900 to 14oo 0 c, was found by Diekmann and Schmalzried 
(1977) to have values of the diffusion parameters D and ~E of .0~64cm2 s1 
0 
-1) and 2. 38ev _( 54 . 5 kcalmole respectively. The magnitudes of these 
values are in good agreement with previous studies of cation diffusion 
in spinels (Table 5.1). 
In an attempt to investigate the role of Ti in diffusion in 
titanomagnetites, Freer and Hauptman (1978) performed a series of 
interdiffusion experiments on couples of single crystal, stoichiometric 
magnetite, and sintered powders of titanomagnetite of composition 
p=-
Table 5.2 
Interdiffusion in titanomagnetites (from Freer and Hauptman, 1978) . 
Mole % Ti D 
2 -1 
cm s l'>E kcal mole 
0 
Tracer 1. 51 X 10-3 49.7 
1 1.16 X 10-
3 48.8 
2 2.75 
-3 50.4 X 10 
3 3.85 X 10-
3 51.1 
4 4 . 31 X 10 
-3 51.1 
5 5.06 X 10-
3 50.6 
-1 
I I 
I 
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Fe2 . 8 Ti0 . 2o 4 . These experiments were carried out under approximately 
self-buffering conditions, and over an effective temperature range ' of 
888 to 1034°c. Composition profiles developed in the diffusion couple, 
after annealing, were measured by electron microprobe, and interdiffu-
sion coefficents were calculated over a range of compositions, between 
Ulvo0Mag 100 and Ulvo20Mag80 , by the Boltzmann-Matano method (Shewmon, 
1963; and references therein). Their results are summarized in Table 
5 . 2. In general , they found that tracer diffusion of Ti in magnetite 
occurred more slowly than tracer diffusion of Fe in magnetite, but as 
the concentration of Ti increased, the interdiffusion coefficent 
* increased towards that of DFe' 
As pointed out by Freer and Hauptman ( 1978) , the assemblage of 
Ulvo0Mag 100 and Ulvo20 Mag80 , is not a true binary, and f0 can only be 2 
'buffered' over a range of values, which is approximately three orders 
of magnitude in width. The errors associated with this are not likely 
to be too large, however, but may produce values of the diffusion 
coefficent slightly greater than those expected if diffusion occurred 
under conditions of true f0 equilibrium. 2 
In conclusion, therefore, relatively accurate values for the tracer 
diffusion of both Ti and Fe in magnetite, and of D for magnetite-rich 
titanomagnetites, are now available. However, no values for D are 
available for interdiffusion in titanomagnetites with compositions near 
the centre of the titanomagnetite solid solution series. Since this is 
the compositional range of interest, with respect to titanomagneti te 
exsolution, it was considered necessary to perform a series of diffusion 
experiments on titanomagnetites, with compositions in this range. 
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5.5 Choice of the diffusion experiment 
-The measurement of D for Fe-Ti interdiffusion in titanomagnetites of 
.composition Ulvo50Mag50 could be achieved in a number of ways;-
i) The interdiffusion could be measured in a manner similar to that 
of Freer and Hauptman (1978), using a diffusion couple consisting of a 
single crystal titanomagnetite (Ulvo40Mag60 ) and a sinter of composition 
Ulvo60Mag 40 . This technique has the following disadvantages however;-
a) f0 is not exactly buffered. 2 
b) a single crystal of composition Ulvo40Mag60 is required, and this 
is relatively difficult to obtain. 
c) the experiment must be performed at temperatures above 8oo 0 c, 
which is about 200-40o 0 c above the temperature range of interest (where 
exsolution may occur). 
ii) Fe-Ti interdiffusion coul~ also be measured by using a couple of 
a single crystal of composition Ulvo50 Mag50 , and a Ulvo50Mag50 tracer 
doped sinter. This couple would not be associated with a f0 buffering 2 
problem (given a suitable oxygen fugacity furnace), and if the tracer 
profile was measured with an ion-probe, the profile depth would not need 
to be great; thus the diffusion experiments could be performed at 
temperatures nearer 6oo 0 c. The diffusion which would be measured, 
however, would be tracer diffusion, and not interdiffusion. Therefore, a 
value for D would have to be calculated from these results, by some 
suitable equation . 
iii) A more simple, but potentially less accurate, alternative to 
either of the above suggestions, is to run homogenization experiments on 
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pre-existing natural magnetite-ulvospinel intl9rgrowths, and obtain D 
0 
and ti E values for the interdiffusion of Fe and Ti from the kinetics of 
the homogenization process. The advantages of this type of experiment 
are;-
a) that the bulk composition of the titanomagnetite, which is to be 
homogenized, can be chosen to coincide with the compositional range of 
interest. 
b) that the natural intergrowth is on a fine scale, and so complete 
homogenization can be achieved at relatively low temperatures, even on 
the laboratory time scale. 
c) that the experiments can be performed on crystals, which are 
still within rock fragments. These systems, under suitable 
circumstances, give rise to approximately self-buffered f0 atmospheres. 2 
The homogenization experiments also, however, have short-comings, 
when compared with the methods outlined above, namely;-
a) the calculation of the D and t E, from the results of homogeniza-
o 
tion experiments, depends upon having a kinetic model for the process. 
Therefore, the accuracy of the resulting values of D and ~Eis depen-
o 
dent on the validity of the model. 
b) the D value, which is indirectly measured in these experiments, 
is a mean D value, over a range of compositions, and not the D of any 
specific composition. 
However, because of the relative ease of the homogenization experi-
ment (and because of the lack of the necessary equipment to perform the 
alternative experiments), "' it was decided to measure D for Fe-Ti 
interdiffusion, by performing homogenization experiments on the exsolu-
tion derived microstructures of titanomagnetites . 
-118-
5.6 The homogenization experiments 
The homogenization of ex solution derived microstructures, such as 
those found in titanomagnetites, is a diffusion controlled process, 
since the exsolved and matrix phases are isostructural and the interface 
between them is coherent or semi-coherent. As a result, the rate at 
which a microstructure (of a given size) can be homogenized, by 
annealing at temperatures above the solvus, is simply a function of the 
diffusion coefficent, and hence of temperature. In order to determine 
the diffusion parameters D and 11 E, samples of rock from the Ta berg 
0 
intrusion, Sweden, which carried ti tanomagneti tes of composition 
Ulvo47Mag53 (which has developed a cloth texture, with ulvospinel 
lamellae on a scale of 1. 8 x 10-5 cm wide) were heated for varying 
lengths of time, and at different temperatures. From these experiments, 
it was possible to determine the time required to homogenize the 
microstructure, over a range of temperatures. However, to obtain 
quantitative data on the diffusion coefficents, from these experiments, 
a kinetic model for homogenization must be available. In this respect, 
the work on the kinetics of precipitate dissolution, by Aaron et al. 
(1970) and by Aaron and Kotler (1971), has been closely followed . 
5.6.1 Diffusion model 
Much attention has been paid to the kinet~cs of exsolution processes 
(see Chapters 4 and 6) , but less is known about homogenization 
processes. Aaron and Kotler (1971) have stressed the differences between 
these two phenomena. The major features of precipitation are that after 
some incubation period, a critical nucleus forms and the precipitate 
Figure 5.1 
a) The evolution of lamellar width and compositional profiles during 
the isothermal, diffusion controlled growth of a lamella into an 
infinite matrix. 
b) The evolution of a resorbing precipitate during homogenization, 
in which the precipitate-matrix interface remains well defined. 
C p 
C p 
C 
M 
Growth 
A 
Dissolution 
B 
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grows by depleting the matrix of solute, directly ahead of the advancing 
interface, figure 5.1a, so that at any point in the matix phase, the 
solute concentration decreases monotonically, with time. During 
homogenization, however, there is no incubation period. The precipitate 
has a finite, non-zero initial size, and decreases in size by 
transferring solute into the matrix behind a receeding interface (figure 
5. 1 b). The manner in which solute concentration may vary with time is 
different from, and more complex than, that during growth, and depends 
upon the nature of the interface during homogenization. If the 
interface remains well defined, then it is found that in the matrix far 
from the precipitate, the solute concentration increases with time; 
close to the precipitate, the solute concentration decreases with time; 
and at intermediate positions the solute concentration may increase, 
decrease or remain unchanged. Further more, the region corresponding to 
'near' ,'intermediate' and 'far' vary with time. These complications are 
the reason why no closed, analytic solutions to the problem of 
diffusion-controlled dissolution have been found, and that in order to 
obtain a solution to the homogenization-diffusion equation, certain 
approximations must be made. 
For both growth and dissolution processes, the mathematical descrip-
tion of diffusion controlled development of an isolated precipitate in 
an infinite matrix require the solution of the field equation 4.1 (Aaron 
et al . , 1970) ; -
4. 1 
for the dissolution of a planar precipitate of initial half-width S, 
0 
equation 4.1 has a solution of the form (Aaron et al., 1970);-
where again 
and 
2. 
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o = s - °A (Dt) o • 5 
0 
A - · f3 /2 
tt:Jr.f3 i erfc(r) = k /2 
where 
5.7 
5.8 
here ~ is the bulk composition of the system (assumed to be the 
equilibrium interface composition during homogenization), C is the ini-
M 
tial matrix composition and CP is the initial precipitate composition 
(assumed to remain constant during homogenization). Thus, for complete 
homogenization ; -
l 
= >.. D t ex p( - t::.E/RT) 
0 
5 . 9 
Thus, from equation 5 . 9 , i t can be seen t ha t a plot of l n ( t H) (where 
t H is the time r equired for homogenization) agai nst 1/T (in Kelvin), 
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would enable LiE, the activation energy for diffusion, at 1 bar, to be 
determined. Similarly, by evaluating S0 and A , a value for D0 could be 
found. The significance and accuracy of the D and Li E values obtained 
0 
from such an analysis depends, however, on the validity of the assump-
tions which were made in the formulation of equations 5.7 and 5.9. 
The significant assumptions which have been made in the above 
analysis are;-
i) that the matrix is infinite, and that no impingement of the 
diffusion fields of resorbing precipitates occurs. 
ii) that Dis independent of composition. 
iii) that k, and hence\, is independent of time. 
The validity of these assumptions, and their effect on the diffusion 
data determined from the homogenization experiments, can be assessed as 
follows;-
i) The impingement of the diffusion fields of resorbing precipitates 
will undoubtedly occur during the homogenization of a microstructure, 
which is on such a fine scale as that of the Taberg titanomagnetites. 
The effect of impingement would be to slow down the rate of homogeniza-
tion, so that the time measured for homogenization will be longer than 
that which would be required if no impingement occurred. The lengthening 
of the time required for homogenization will not affect the calculated 
values of LiE, but will affect the value of D , such that the calculated 
0 
value of D will be smaller than the correct value of D . 
0 0 
N 
ii) The diffusion coefficent, D, is not independent of composition, 
N but can vary markedly across a solid solution series. The value of D 
involved in the above kinetic analysis will, therefore, be some mean 
value of D, the Fe- Ti interdiffusion coefficent in titanomagnetite , over 
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a range of titanomagnetite compositions. Similarly, the D and 6E values 
0 
calculated from the homogenization kinetics will represent some average 
values of D and 6E over the same range of compositions. 
0 
iii) Finally, the assumption that k is independent oft is unlikely 
to be strictly true, since CM and CP will vary, as the homogenization 
proceeds. However, for materials with bulk compositions near the centre 
of a solid solution series, CM and Cp vary at about the same rate, and 
to the same degree, consequently k remains approximately constant. Any 
error, introduced into the calculated D values, as a result of this 
assumption, will only effect D and not ~E. 
0 
Thus, by applying this model to the results of a homogenization 
experiment, little error is expected in the calculated value of 6E, but 
more uncertainty rests in calculating D • 
0 
A further short-coming of this model, is that it assumes that the 
precipitate-matrix interface remains well defined during the course of 
dissolution. This may not be true, however, particularly .during the late 
stages of dissolution. An al terna ti ve model can be proposed, which 
describes the dissolution of a periodic microstructure, in which the 
interface between the dissolving precipitate and the matrix is ill-
defined. In this model, the concentration of the solute is considered to 
vary sinusoidally with distance, figure 5. 2, so that the solution for 
the homogenizing system is given by (Shewmon, 1969);-
C(x,t) N 2 L = C + ~ sin(n x/l)exp(-Dtn /1 ) 5. 10 
Thus, for the maximum deviation of the concentration, from the mean, 
at X: 1/2; -
Figure 5.2 
The variation of a sinusoidal concentration distribution during 
homogenization . The solid line corresponds to the composition at t=O . 
After diffusion has proceeded for a time t=n~, the resulting concentra-
tion distribution can be represented by the dashed curve. The amplitude 
of the curve is reduced to one-tenth of its original value after 
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C(l/2,t) = C + f exp(-t/~) 
2 'V 2 
where ~ = 1 /DTI . 
5. 11 
Ast increases, during the homogenization process, the concentration 
at any point approaches "c. The length of time required for the 
r,/ inhomogeneity to be destroyed will depend, however, on 1 and D. After a 
time t = T , the deviation of C, at any point, from Chas decreased to 
1/e ( = 1/2.72) of its value at t = 0. 
In more general situations, the initial concentration distribution 
must be described by a superposition of several sine waves of different 
wavelengths, so that the final solution to the problem of homogeniza-
tion, will consist of a series of terms similar to equation 5.10 . Each 
2 2,.., 
of these terms will decay with its own -cc= 1 i.. / 1T D. Thus, the short 
wavelength terms will decay quickly, and the ultimate homogenization 
will occur at a rate determined by ~ for the longest wavelength term in 
the initial solute distribution. 
The major draw back to using a model of this type, to calculate D 
0 
and ~ E from the results of a homogenization experiment, is that in order 
to calculate D, it is necessary to make an estimate of which value of L 
corresponds to the observed degree of homogenization, since only after t 
~ oo does this model predict complete homogenization. Nevertheless, 
this model can be used as a convenient check on the values of 15, 
calculated from the model of Aaron et al., described above. 
5.6.2 Experimental proceedure 
Homogenization experiments were performed on ti tanomagneti tes from 
the Taberg intrusion . These titanomagnetites carried oxidation-exsolu-
Figure 5.3 
a) Optical micrograph of an untreated Taberg titanomagnetite. Black 
pleonaste lamellae are cross-cut by grey ilmenite lamellae, while the 
titanomagnetite is shown to have developed a fine scale cloth-texture. 
b) A similar titanomagnetite after annealing. The cloth-texture has 
been completely homogenized, leaving the pleonaste and ilmenite lamellae 
uneffected. TEM study of the titanomagnetite revealed neither any 
heterogeneity within the titanomagnetite nor any extensive oxidation 
effects. 
---~----
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tion lamellae of ilmenite, lamellae of pleonaste and a cloth-texture 
intergrowth of ulvospinel and magnetite (figure 5.3a). The inhomogeneous 
oxide grains showed no signs of low temperature oxidation, when studied 
by optical microscopy or by TEM. The average composition of the 
titanomagnetite is given in Table 3. 1 , and is the mean of a number of 
analyses, obtained by electron microprobe, of ilmenite-free areas of the 
oxide. Since the electron microprobe spot size was larger than, or equal 
to, the size of the various spinel exsolution textures, the analyses are 
bulk analyses of all the spinel phases present. The mean analysis has 
been recast into idealized spinel end-members (Table 3.1), assuming 
stoichiometry. It is al so assumed that the bulk composition of the 
titanomagnetite intergrowth is given by the proportion of ulvospinel and 
magnetite in the recast analysis. The mean analysis yields an 
ulvospinel:magnetite ratio of 47:53, with a deviation of ±1 mole per-
cent. 
Fragments of the Taberg specimen (a magnetite-feldspar peridotite, 
(Hjelmquist, 1949)), of approximate size 1 x 0.25 x 0.25 cm were heated 
in small, sealed, evacuated, silica-glass tubes, at temperatures between 
490 and 730°c. The duration of the homogenization experiments ranged 
from 30mins to 100days. By sealing the rock fragments in evacuated tubes 
-4 (total pressure < x 10 tor), the system was approximately self-
buffering, since the number of moles of o2 in the atmosphere was many 
orders of magnitude less than the number of moles of ti tanomagneti te. 
Neither the olivine, nor the titanomagnetite showed signs of oxidation 
(or reduction) after these heating experiments . 
After heating, the specimens were mounted in resin blocks, and 
polished to reveal the centre of the rock fragments . The 
ti tanomagneti tes were studied by reflected-light microscopy ( using oil 
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immersion lenses), to determine the degree of homogenization which had 
been achieved. If the cloth-texture was not visable optically ( figure 
5.3b) the specimen was prepared for study by TEM, where it was inspected 
for any residual inhomogeneity. The TEM observations revealed no changes 
in the nature of the ilmenite lamellae, nor the development of any 
titanomaghemite. Furthermore, no changes in the size or nature of the 
pleonaste lamellae were observed. 
By studying samples of titanomagnetite, heated for differing lengths 
of time, the time ( tH) required to homogenize the cloth - texture 
intergrowth, at a specific temperature, was determined. 
5.6.3. Results 
A plot of ln(t) against 1/T for the homogenization experiments is 
shown in figure 5. 4. In this figure, the heating experiments which 
failed to produce homogenization, are plotted as open circles; those 
experiments which produced optically homogeneous, but TEM heterogeneous, 
ti tanomagnetites are plotted as half-filled circles; and runs which 
produced fully homogeneous titanomagnetites, even when studied by TEM, 
are plotted as filled circles. The line corresponding to the locus of 
( tH, T) points was taken, therefore, to lie between those points which 
plotted as half-filled circles and those which plotted as filled 
circles. Using the coordinates of these points, the best straight line 
through the data was calculated (Topping, 197~). The calculation gave a 
gradient, corresponding to an activation energy for diffusion of;-
Cl E = 49 . 8 kcalmole - 1 
140 
0 0 
0 
120 
100 
l n(t) sec 10 12 14 16 
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Similarly, from calculating the intercept value oft at 1/T = o, and 
using measured values of S and ~ , a value of D was calculated from 0 0 
equation 5,7, The median lamellar half-width of ulvospinel-rich lamellae 
in the Taberg ti tanomagneti tes was found, from several measurements of 
optical and electron-optical micrographs (normal to {100}), to be 0.9 x 
10-5cm. In arriving at this value, the lamellae which were in a state of 
partial resorption were not considered. The value of A was calculated 
from the composition of the original magnetite-rich and ulvospinel-rich 
phases, as determined by analytical electron microscopy (see Appendix 1) 
and X-ray diffractometry. The composition of the lamellar phase was 
measured to be (ignoring slight compositional 
inhomogeneities within the lamellae), and the composition of the 
magnetite-rich phase was found to be Ul vo 13Mag87 • Using these values, 
and those shown in Table 5,3, the value of D was calculated to be 2.38 
0 
-3 2 -1 
x10 ems. 
5.6.4 Error analysis 
The errors in the values · calculated for D and Cl E arise from two 
0 
sources;-
i)errors introduced by uncertainties in experimental measurements. 
ii) errors resulting from the inapplicability of the kinetic model 
used to describe homogenization. 
The likely sources of error for the latter case have been discussed 
above, the quantification of these errors, however, poses a more 
difficult problem than the quantification of the errors involved with 
experimental measurements, which can be summarized thus;-
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11 
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i)a) Errors in t.. E. The error in the value of ti E obtained in the 
above analysis depends on the uncertainties in the measurement oft and 
T, and upon how strictly the division between homogeneneity and 
heterogeneity can be defined in figure 5.4. 
The uncertainty in the determination of T (±2°C) and t (±100secs) is 
negligible compared with the error in ll E introduced by the scatter of 
points, which have been used to define the line separating homogeneous 
titanomagnetites and heterogeneous titanomagnetites. Following the error 
analysis of Topping ( 1972) to assess the best fit through a set of 
points, it was calculated that the error in ~E introduced by the scatter 
-1 
of these data points was ±1.5kcalmole , corresponding to a percentage 
error of ±3%. 
b) Errors in D
0
• The value of D
0 
was calculated from the equation;-
Therefore, the error in each of the terms in the above equation 
contributes to the error in D , and can be assessed as follows ( see 
0 
Table 5 . 3) . 
i) S
0
, the lamellar half-width, was estimated from many measure-
ments . A median value of 0.9 x 10-5cm was found , but the ·distribution 
about the median ranged from 0.75 to 1.0 x 10-5cm . The distibution is 
slightly skew, and the probable uncertainty in the lamellar half-width 
can , ther efore , be described logarithmically as;-
l n (S) 
0 
: ln ( 0 • 9 X 1 Q -5 ± 6 ) 
=-11.6 ± 0.1 5 
Table 5.3 
Values used in the calculation of D, and their probable errors. 
0 . 
Error 
liE (kcal -1 mole ) 49.8 ±1. 5 
C (mole fractionl 0.53 ±0.01 I 
CM (mole fraction) 0.87 ±0.02 
C (mole fraction) 0.14 ±0.02 p 
K 1. 76 ±0.19 
Extreme (_l) Average Extreme ( 2) 
K 1.95 l. 76 l. 57 
B 3.1 1. 7 1.1 
;\ l. 55 0 .8 5 0 . 55 
ln ( ;\ 2) 0.87 -0.32 -1. 2 
t (sees) H 8.79 X 10-
9 4.8 X 10-8 7 . 5 X 10-8 
ln (tH) -1'+ . 4-4 -JI, . 8'r, -16.14 
(cm) 0.75 10-5 0 . 9 lo-5 1.0 X -5 s X X 10 
0 
ln (S2) -23.5 -23.2 -22 . 9 
0 
ln (D ) -7 . 14 -& •04- -4 .94 
0 
2 -1 7.92 -4 z..3'3 10-3 - 3 D (cm s ) X 10 " X 7.15 X 1 0 
0 
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ii) \ is a complex function, depending upon the composition of the 
ulvospinel- and magnetite-rich phases, as well as upon the bulk composi-
tion of the titanomagnetite. The errors in these terms will, therefore, 
determine the error in )., • 
As indicated above, repeated electron microprobe analysis of 
titanomagnetite, gave a bulk ulvospinel:magnetite ratio of 47:53, with 
an error of ± 1 mole percent. Analytical electron microscopy is less 
accurate than electron microprobe studies, and errors of ±2 mole percent 
are usually claimed (e.g. Nobugai et al., 1978; and Appendix 1). These 
errors when propagated through the calculation of k to ~, again give a 
skew error distribution for >.. of between 1 . 55 and O. 55, with a mean 
value of O. 85. The error in \ can be best described in a logarithmic 
form;-
ln >- = -0 . 16 ± O. 45 
iii) Errors in t 8 result directly from the uncertainties in AE, and 
can again be described logarithmically as;-
= -16.84 ± 0.6 
The combination of these errors gives rise to the probable error in 
ln(D) of;-
o 
ln(D) 
0 
= -6.04 ± 1.1 
-4 2 -1 Thus, the expected spread of D values is between 7. 92 x 1 O cm s and 
0 
-3 2-1 -3 2 -1 7.15 x 10 cm s, with a mean value of 2.38 x 10 cm s. 
-129-
,..; 
c) Errors in D. Since there is a correlation between the errors in 
,., 
D
0 
and t. E (introduced via the t 8 dependence of D0 ), the spread of D 
values, calculated from the extremes of D and t. E, at any temperature, 
0 
are less than if there was no correlation between these terms. At 600K, 
the extreme values of D, calculated using the 
-21 2 -1 1.26 and 1.75 x 10 cm s, with a mean value of 
ii) Errors associated with the kinetic model. 
data above, are between 
-21 2 -1 1.48 x 10 cm s . 
As described above, all errors introduced into the estimation of the 
diffusion coefficent, using the model of Aaron et al., are thought only 
to affect D and not t. E. These errors are, however, difficult to 
0 
quantify, but an attempt will be made, as follows;-
The effect of the impingement of dissolving particles will tend to 
lower the calculated value of D • For spherical precipitates, where the 
0 
geometry of the precipitate makes the effect of impingement more 
serious, calculations (Aaron and Kotler, 1971) indicate that impingement 
can effect the time required for homogenization by a factor of about 
three. The resorption of planar precipitates, with a less complex 
geometry, . is likely, however, to be less seriously affected by impinge-
ment. 
To a certain extent, the effect of impingement on the calculated 
value of D
O
, is. likely to be counter acted by the effect of oxygen par-
tial pressure disequilibrium. As pointed out by Freer and Hauptman 
( 1978), an assemblage like Ulvo 10Mag90 and U~vo90Mag 10 cannot be in 
equilibrium with the same f0 , at temperatures above the sol vus. Thus, 2 
the oxides will tend to be slightly non-stoichiometric during 
homogenization, although not to such an extent as to cause the develop-
ment of titanomaghemite etc. The effect of this slight non-stoichiometry 
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would be to allow diffusion to occur slightly faster than it would under 
equilibrium conditions. However, the difference in rate would be rela-
tively small compared with the effects of larger deviations from 
stoichiometry discussed by Diekmann and Schmalzried (1977). The slight 
increase in diffusion rate would, therefore, partially compensate for 
the underestimate of D caused by impingement. 
0 
The effect, on the value of D, of the variation of k with time is 
0 
impossible to assess without detailed phase data. However, as discussed 
above, the assumption that k is invarient with respect to time is not 
considered to be grossly in error. Similarly, the other approximations 
involved in Aaron's model are thought to be valid. Perhaps the best 
manner in which to test the applicability of the model is to compare the 
results obtained from it with values of D
0 
calculated from the model, 
outlined above, which describes the homogenization of a periodic 
compositional variation (equations 5.10 and 5.11). 
If the value for ~Eis assumed to be 49.8kcalmole- 1 , then the value 
of D can be estimated from equation 5. 11, using values of the 
0 
periodicity of the lamellar texture in the Taberg of O. 6pm ( = 2 l) 
( figure 5. 3a), and assuming that after time, tH, the microstructure in 
the titanomagnetite has been homogenized, to the extent that the maximum 
deviation of the composition away from the mean (C) has reduced to 1/10 
of its value at . t = O, then;-
therefore 
D 
0 
t = 2. 303 i; 
-131-
Considering the approximate nature of this latter calculation, the 
agreement between the value of D calculated by this method and that 
0 
calculated with the model of Aaron et al., is good. 
5.7 Discussion 
The behaviour of Fe-Ti interdiffusion in titanomagnetites has been 
studied by homogenizing the exsolution-derived microstructures developed 
in these oxides. This technique for studying diffusion was chosen 
because it was relatively simple to perform, and because it could be 
performed at lower temperatures than the more traditional techniques. 
However, these advantages would be out-weighed if the results of the 
experiment were significantly less reliable than the results produced by 
other techniques. The relative reliability of these techniques can be 
assessed by comparing the errors involved in the homogenization experi-
ment with the errors associated with other techniques • 
. The uncertainty associated with 6. E calculated from the homogeniza-
tion experiment was ±3%. This compares with an uncertainty of ±1.8% in 
the activation energy calculated by Freer and Hauptman (1978). 
Similarly, the . error in the value of ln(D ) calculated above was ±1.1, 
0 
while the best result of Freer and Hauptman(1978) gave an uncertainty of 
±0. 36. Thus, al though the homogenization experiment is less accurate 
than the experiments of Freer and Hauptman ( 1978), the difference in 
accuracy is not great . 
As discussed above, the values of D and 6. E calculated from the 
0 
homogenization experiments , are some average of values over a range of 
I I 
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compositions of titanomagnetites. It appears, from the fact that these 
mean values are not very different from the value of D and 6E obtained 
0 
from tracer diffusion of Fe and Ti in pure magnetite, that there is not 
a large variation of .6E and D across the solid solution series as a 
0 
whole. It might be expected, however, that diffusion would proceed more 
rapidly in ulvospinel-rich titanomagnetites, because of the lower 
solidus t'emperatures (ulvospinel melts at 1395°c, while magnetite melts 
0 
at 1595 C) and hence higher point defect concentration of these oxides. 
However, ulvospinel-rich titanomagnetites have a larger proportion of 
2+ 
the relatively bulky Fe ions, than magnetite-rich titanomagnetites 
2+ have, and it is expected that the larger Fe ion would diffuse more 
3+ 
slowly than the smaller Fe ion. Hence the trends of solidus temperature 
and ion content may tend to cancel each other out, and give rise to a 
relatively uniform D and bE, across the solid solution series. 
. 0 
The original aim of this diffusion study was to obtain diffusion 
data which could be used in modelling exsolution in the titanomagnetite 
solid solution series. The question which must now be as.ked is, is it 
valid to use the D and ~ E values measured in the above homogenization 
0 
experiments, to describe the diffusion processes involved during exsolu-
tion? It is suggested that the answer is yes, in that it appears that;-
i) the diffusion parameters do not vary much across the solid solu-
tion. 
ii) the exsolution process involves the diffusion of Fe and Ti in 
regions of compositional inhomogeneity, and hence the use of these mean 
values of the diffusion parameters might, in some respect, be more 
representative than using D arid ~E values determined at a specific 
0 
composition. 
iii) In natural ti tanomagnetites , diffusion may be further 
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complicated by the presence, in solution, of Mg, Al, etc. This problem 
is, however, beyond the scope of this present study. 
Thus, the homogenization experiments performed have successfully 
yielded data on Ti-Fe interdiffusion in titanomagnetites, which can be 
used in the modelling of ulvospinel-magnetite ex solution. However, it 
must be stressed that exsolution in geological environments may occur 
under conditions which are different from those under which the diffu-
sion experiments were performed. Perhaps the most geologically 
important of these features are hydrostatic pressure and oxygen 
fugacity. The former may affect the diffusion coefficent, but in a way 
which is currently unpredictable; and the latter will certainly affect 
diffusion in a way described by Diekmann and Schmalzried (1977). Thus, 
if the results of experiments, such as the one described above, are to 
be applied to geological problems, it is necessary to ensure that the 
processes, which were experimentally studied, are truly representative 
of natural processes. 
II. Subsolidus phase relationships in the 
titanomagnetite solid solution series 
In order to model the subsolidus behaviour of the members of the 
titanomagnetite solid solution series, and hence determine the possible 
effects of the development of ulvospinel-magnetite ex solution 
microstructures on such phenomena as palaeomagnetism and oxygen 
geobarometry, it is necessary to have available detailed data on the 
subsolidus phase relations in the titanomagnetite system . In this sec-
tion, the existing phase data on the titanomagnetite system will be 
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discussed, and the experiments whic.h have been performed during the 
course of this study, will be outlined. 
5.8 Previous phase data 
Mogensen (1946) first noted the existence of a two phase intergrowth 
of magnetite and ulvospinel in titanomagnetites from Sodra Ulvan. This 
observation subsequently led to the suggestion that the solid solution 
between magnetite and ulvospinel was not ideal, but contained a 
miscibility gap at low temperatures. In 1954, Kawai et al. proposed a 
schematic phase diagram for the titanomagnetite system, consisting of a 
symmetric sol vus, with a consol ute point of about 750 °c, at a composi-
tion of Ulv635Mag65 • Vincent and Phillips (1954), however, suggested 
that the ulvospinel-magnetite intergrowths, observed in many 
ti tanomagneti tes, was the result of an eutectoidal decomposition at 
500°c, rather than the result of decomposition associated with the 
existence of a solvus. 
Kawai ( 1956) re-examined the phase relatioships in the 
titanomagnetite system, by studying synthetic materials. He found no 
evidence for the existence of an eutectoid, and produced a modified ver-
sion of his earlier phase diagram, in which he placed the solvus crest 
at 6oo 0 c and 42 mole percent ulvospinel. However, no experimental 
details, describing how these values were arrived at, were given. 
Vincent et al. (1957) performed homogenization experiments on some 
natural, ex solved ti tanomagneti tes, in order to determine more 
accurately the subsolidus phase relations in the system . They found that 
0 
samples held at 500 C for 15hrs showed little change , while complete 
mutual solution of the two components could be achieved on heating at 
Figure 5.5 
A plot of the solvus suggested by Vincent et al . (1957) is shown by 
the solid line, while the solvus proposed as a result of this study is 
shown as a dashed curve. 
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8oo 0 c for 12hrs. They also concluded that there was no evidence for the 
existence of an eutectoid in the titanomagnetite system. By studying the 
magnetic properties of these titanomagnetites after various heat treat-
ments, they inferred that magnetite dissolves in ulvospinel during 
heating, without itself taking much ulvospinel into solution. On these 
grounds, they produced a schematic phase diagram (figure 5.5), showing 
an asymmetric, hoop-shaped solvus, with a crest at 6oo 0 c. This diagram 
was subsequently slightly modified by Basta (1960). 
A theoretical study of the iron-titanium oxide phase relations, by 
Rumble (1970), using thermodynamic data, predicted an asymmetric solvus 
for the titanomagnetite system, with a crest at 650°c and Ulvo65Mag35 . 
Subsequently, Rumble ( 1977) published a paper outlining errors in the 
model which he had used to calculate the titanomagnetite solvus in his 
1970 paper; however, he did not repeat the calculation using the 
corrected model. 
In none of the above studies, has the consolute temperature of the 
titanomagnetite solvus been strictly defined; 6oo 0 c has been adopted by 
concensus rather than having been experimentally proven. In addition, 
the results of the only study, in which experimental data have been 
published (Vincent et al., 1957), are amenable to an interpretation, 
other than that given by the original authors. Vincent et al. (1957) 
found that samples heat-treated at temperatures up to 500°c showed 
little change in Curie temperature. However, the specific saturation 
magnetization of these specimens fell rapidly in the early stages of the 
heating process. From this, they correctly inferred that in the early 
stages of homogenization, there was a rapid reduction of the amount of 
magnetic material in the titanomagnetite, but that the magnetic material 
which remained was of an unchanged composition, and hence the measured 
------- -------..,, 
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Curie temperature remained constant. Vincent et al. (1957) further 
inferred that these magnetic observations reflected the nature of the 
equilibrium phase diagram of the system, and interpreted the observed 
magnetic properties as being due to magnetite dissolving readily into 
ul vospinel, while ul vospinel did not dissolve in magnetite . It is 
doubtful, however, whether these experiments by Vincent et al., reflect 
equilibrium processes. Rather it is more likely that the magnetic 
observations reflect kinetically controlled events. The experiments of 
Vincent et al. were performed on titanomagnetites which carried 
ulvospinel-rich lamellae with widths of between 2 and 0.25µm. The 
0 0 
samples were heated at 450 C for 504hrs, and at 500 C for 336hrs. From 
these conditions, and the findings of the previous section on the 
homogenization rates of titanomagnetites, it is clear that complete 
homogenization of these specimens was never achieved at these tempera-
tures. Consequently, the Curie temperature and the specific saturation 
magnetization values reported for these oxides, are values for a par-
tially homogenized titanomagnetites. 
The likely nature of these partially homogenized titanomagnetites 
can be deduced from considering the changes which occur in the exsolu-
tion microstructure during heating. Initially, the ex solution 
microstructure can be envisaged as being comprised of a magnetite-
enriched cube (or plate), surrounded on all sides by ulvospinel-enriched 
lamellae. On heating, at temperatures above the solvus, the ulvospinel 
and magnetite would begin to mix, so that the ulvospinel would take up 
magnetite from the cube, and magnetite near the cube-lamellar interface 
would take up ulvospinel. Because this mixing is diffusion controlled, 
however, the magnetite near the ulvospinel lamellae would have adsorbed 
considerable amounts of ulvospinel, while the magnetite at the centre of 
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the cube would be still unaffected by the mixing, because insufficent 
time would have passed for the ulvospinel component to have diffused 
that far. Hence, if the magnetic properties of this partially 
homogenized titanomagnetite were now studied, it would be found to have 
a Curie temperature of almost pure magnetite (from the magnetite at the 
centre of the cube) • The total amount of magnetic material, however, 
would have been reduced, because the magnetite near the ulvospinel-rich 
lamellae would have taken up the ulvospinel into solution. These 
magnetic properties would be purely the result of the mechanism and 
kinetics of homogenization, however, and could not be used to infer the 
possible shape of the titanomagnetite solvus. It is, therefore, 
suggested that this is the explanation of the observations made by Vin-
cent et al. (1957), and that their observations do not provide evidence 
for an asymmetric solvus. 
Some evidence on the nature of the titanomagnetite solvus, can be 
obtained, however, from X-ray diffractometry (e.g. Basta, 1960) and from 
analytical electron microscopy. Both of these techniques indicate that 
the compositions of co-existing ulvospinel-rich and magnetite-rich 
phases are slightly asymmetric; the ulvospinel carrying slightly more 
magnetite in solution, than magnetite carries ulvospinel. The accuracy 
of the measurements of these compositions is, however, difficult to 
assess. The X-ray diffraction measurements of cell parameters is 
complicated by the invariable overlap of the ulvospinel and magnetite 
peaks. In addition, it is hazardous to estimate the composition of a 
titanomagnetite purely from its cell parameter, because of the 
sensitivity of the cell parameter to the general composition of the 
spinel and to its stoichiometry. 
An estimate of the shape of the titanomagnetite solvus can also be 
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obtained by studying the solvi of other spinel solid solutions. The best 
defined spinel solvus is that in the magnetite-hercynite system (Turnock 
and Eugster, 1962). In this system, the solvus is slighty asymmetric, 
but does not deviate greatly from a regular-solution model solvus. The 
deviation of the shape of a solvus, from that of a regular-solution 
model solvus, can, theoretically, be described as a function of the 
variation of the cell parameter and the bulk and shear moduli across the 
solid solution (Greenwood, 1979). Although data on these moduli are not 
available for ulvospinel, it seems, from the data which are available 
for other spinels (Birch, 1966), that the moduli are relatively insensi-
tive to compositional changes. It is, therefore, reasonable to assume 
that the bulk and shear moduli in the titanomagnetite system will not 
vary significantly across the solid solution series, and hence it is 
expected that the titanomagnetite solvus will be similar to that of a 
regular-solution model solvus. 
In conclusion, therefore, the data presently available, on the 
subsolidus phase relations in the titanomagnetite solid sqlution series, 
indicate that a solvus exists in the system, but that the solvus is 
unlikely to be greatly asymmetric but will have a crest at approximately 
6oo0 c. It was considered desirable, however, to perform further experi-
ments in order to confirm or negate these findings, and to define more 
precisely the consolute point of the titanomagnetite solvus. 
5.9 Experimental details 
Two categories of experiment were performed during this present 
study of the titanomagnetite solvus. 
i) Homogenization experiments were performed on natural ulvospinel-
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magnetite intergrowths . 
ii) Annealing experiments were carried out on homogeneous, synthetic 
titanomagnetites, in an attempt to induce exsolution. 
5.9 . 1 Homogenization experiments 
As an extension of the experiments performed to obtain the diffusion 
parameters for interdiffusion in ti tanomagneti tes, outlined above, the 
ex solution- derived microstructures in ti tanomagneti tes from the Ta berg 
intrusion, and from the Freetown Gabbro, Sierra Leone (Ulvo 45Mag55 ), 
were homogenized at temperatures near to the proposed titanomagnetite 
solvus. The exsolution microstructures in the titanomagnetites from both 
the Taberg intrusion and the Freetown Gabbro were successfully 
homogenized (on the electron optical scale) after heating for 100 days 
at 490°c. This temperature is between 80 and 110°c below the solvus 
temperature proposed by Vincent et al. (1957). It is inferred that the 
solvus of the titanomagnetite solid solution series must lie below the 
points defined by the bulk compositions of the homogenized phases and 
the · temperature at which homogenization was achieved . In addition, 
since it has already been suggested that the titanomagnetite solvus is 
likely to be nearly symmetric, and since the bulk compositions of the 
homogenized phases lie near the centre of the solid solution series , it 
is concluded that the consolute temper ature of the solvus is below 
490°C . 
At tempts to homogenize t he titanomagnet ite exsolution micr ostruc-
tur es at temper a tures lower t han 490°c failed , however, because insuf fi-
cent time was available f or full homogenization to occur (from the 
f indings oulined above, homogenization at 48o0 c can be calculated as 
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requiring at least 200days annealing). 
5.9.2 Annealing experiments 
The samples which were annealed , in an attempt to induce ulvospinel-
magnetite exsolution, were synthetic, polycrystalline aggregates of 
titanomagnetite of composition Ulvo50Mag50 • The specimens were prepared 
by mixing accurately weighed portions of spectroscopically pure Ti02 , 
Fe2o3 
and Fe, in the necessary stoichiometric proportions. The mixture 
was ground together, in an agate mortar, and then compressed into 
pellets with a hydraulic ram . The pellets (0.5cm tall and 0.25cm in 
diameter) were placed in 60: 40 Ag: Pd tubes ( to prevent Fe loss during 
heating). The Ag: Pd tubes were placed within silica-glass tubes, which 
0 
were then evacuated and sealed. The whole were heated at 1100 C for 
24hrs, after which time the sintered oxide pellets were removed from the 
tubes, reground and again pressed into pellets. The above process was 
repeated for a further 24hrs heating cycle. 
The resulting oxide was studied by X-ray diffractometry and found to 
be a single phase of titanomagnetite, with a cell parameter of 8.46ft, 
corresponding to a stoichiometric ti tanomagneti te of composition 
Ulvo50Mag50 . Further study of the oxide by electron probe gave an 
analysis also corresponding to a titanomagnetite of composition 
Ulvo50Mag50 . No other chemical components were detected by the electron 
microprobe . When examined by TEM, the specimen ~ppeared homogeneous , and 
showed no signs of oxidation. 
Port i ons of the synt heti c t i tanomagnetite were heat ed (again i n 
Ag : Pd t ubes , themselves in sealed , evacuated silica-glass tube ) at 
temperatures between 470 and 375°c for up to 100days. After heating, 
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the samples were again studied by X-ray diffractometer, and no non-
spinel lines or changes in cell parameter were found. Extensive TEM 
study of crushed grains of all the annealed titanomagnetite specimens, 
revealed no inhomogeneity, even in specimens which had been heated for 
100days. From Chapter 3, it would seem probable that if exsolution is 
to occur in titanomagnetites, with compositions which lie near the 
centre of the solid solution, it will occur most rapidly by spinodal 
decomposition (nucleation was found to occur only in slowly cooled 
ti tanomagneti tes) . Decomposition, as a result of an annealing experi-
ment, would, therefore, only be expected to occur if the titanomagnetite 
were heated within its coherent spinodal. There are two possible 
explanations, therefore, why no exsolution was observed in the annealed 
samples;-
i) the titanomagnetites were annealed outside the coherent spinodal. 
ii) the titanomagnetites were annealed within the coherent spinodal, 
but insufficent time was available for the compositional modulations to 
develop. 
The latter possibility can be investigated, by considering the early 
stages of spinodal decomposition. Spinodal decomposition is a 
diffusion-controlled process at temperatures well below the spinodal, 
but near the spinodal, the change in the free energy, produced by the 
decomposition, is rate determining . The role of the free energy in 
determining the rate of decomposition has the , effect of reducing the 
effective diffu~ion coefficent to an extent given by (Hilliard, 1970);-
= D(T - T)/T 
s 
5. 12 
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where T is the spinodal temperature. 
s 
As suggested by McConnell (1975), during the early stages of 
spinodal decomposition, the development of compositional inhomogeneity 
is likely approximately to obey the diffusion relationship (Shewmon, 
1969); -
2 
X 5. 13 
where x is the scale upon which the compositional inhomogeneity is 
developed. 
During the course of the above annealing experiments, no 
inhomogeneities were observed, despite the fact that an inhomogeneity on 
a scale as small as 20K could have been easily detected with the 
electron microscopes used. The temperature of the coherent spinodal, 
compatible with the above observations, can be calculated from equations 
5.12 and 5.13, using values of t = 100 days and x ~ 201{ (Table 5.4). 
From these calculations, it would seem that the coherent spinodal 
temperature, for titanomagnetites of composition Ulvo50Mag50 , has to be 
0 less than 397 C, if no inhomogeneity is to be detected, even after 
heating for 100days at 375°c. 
Although this estimate is only approximate, and that others (e.g. de 
\/3 
Fontaine, 1975) have suggested that spinodal processes show a x ()( t 
behaviour, it is unlikely that this calculation is grossly in error , and 
it seems reasonable to suggest that the temp~rature of the coher ent 
spinodal, near the centre of the solid solution is less than 397°c. In 
order to translate this inferred coherent spinodal crest temperature 
into a solvus consolute temperature, it is necessary to calculate the 
degree of suppression of the coherent spinodal with respect to the 
Table 5 . 4 
Calculated coherent spinodai temperatures. The coherent spinodal must lie 
at temperatures lower than the smailest temperature calculated from the 
results of the annealing experiments . 
Annealing temperature 
(oC) 
470 . 0 
450 . 0 
425.0 
400 . 0 
375 . 0 
Calculated coherent 
spinodal temperature (°C) 
470.18 
450.50 
426.51 
40$ . 57 
397 . 66 
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chemical spinodal. 
5.10 The coherent spinodal 
The temperature dependence of the chemical spinodal upon the 
consol ute temperature T0 and the composition of the unmixing phases ( c 
and 1-c, in mole fractions), for a regular-solution model is;-
The temperature dependence of the coherent spinodal (T ), however, CS 
is related to that of the chemical spinodal by the equation (Hilliard, 
1970); -
T = T + 2YriV/S 11 
CS S 
5. 15 
where n = (1 /a1( da/dc), a is the cell parameter of the oxide, da/dc is the 
rate of change of cell parameter with composition, Y is the Young' s 
modulus of the 'soft direction' of the oxide ({100} in spine!), Vis the 
molar volume, and S" is the second derivative of the molar entropy (S) 
with respect to composition (c). 
For a simple, binary regular-solution, the molar entropy is given 
by;-
S = -R{clnc + (1-c)ln(1-c)} 5. 16 
Previously, this function has been used in calculations of the tempera-
ture of the coherent spinodal for spine! solid solutions (Yund and 
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MacCallister, 1970). However, this is not the correct entropy function 
for the structurally complex spinels. Spine! has both tetrahedral and 
octahedral cation coordination sites, and for titanomagnetites of 
composition 0.2<c<0.8 (where c is the mole fraction of ulvospinel), the 
cation distribution is (Stacey and Banerjee, 1974);-
(where the Roman numerals refer to the two coordination sites). The 
corresponding entropy of mixing is given by;-
5. 17 
where, 
= N!/{(1.2-c)N!(c-0.2)N!} 5. 18 
= 2N!/{1.2N!(0.8-c)N!cN!} 5. 19 
Thus, by Stirling's formula;-
thus, 
S = R{2ln2 - 1.2ln1.2 - (1.2-c)ln(1.2-c) 
-(c-0.2)ln(c-0.2) - (0.8-c)ln(D8 -c) - clnc} 5.20 
dS/dc = Rln{[(1.2-c)(0.8-c)]/[c(c-0.2)]} 5.21 
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and, 
ct2S!dc2 = R [ 2( c-l) -
(1-2-c)(0-8 -c) 
2c - 0-2 J 
C ( C - Q. 2) 
5.22 
Evaluating equation 5.22 for c = 0. 5, yields a value of S" = -10.1R. 
This can be compared with a value of S" = -4R, obtained from the simple 
regular-solution entropy function, equation 5.16. 
2 Using values for n ,Y and V of (Lindsley, 1976; Birch, 1966);-
2 10-4 n = 2.5 X 
y 2. 1 10 11 -2 = X Nm 
V 4.6 X 10-5 3 -1 = m mole 
the temperature difference between the coherent spinodal and the 
0 
chemical spinodal is calculated to be 58.5 C, for c = 0.5. This compares 
with a temperature difference, calculated from the simple entropy func-
tion, 0 of 147 .5 C. The use of the correct spinel entropy function, 
therefore, has a very significant effect on the calculated coherent 
spinodal temperature, and previous calculations by Yund and MacCallister 
(1970), on the magnetite-hercynite system are likely to be in error. 
5.11 Discussion 
From t he calculation of the suppression of the coherent spinodal, 
and from the conclusion that the temperature of the coherent spinodal, 
.. 0 for Ulvo50Mag50 , is below 397 C, it is inferred that the titanomagnetite 
solvus crest is at a temperature below 455°c. 
From the experimental data currently available, it is proposed, that 
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the solvus for the titanomagnetite solid solution series, can be 
approximately described by a regular-solution model solvus, with a 
consolute temperature 0 of less than 455 C. From the kinetics of the 
processes involved in exsolution, however, it seems unlikely that the 
titanomagnetite sol vus will be defined with the same accuracy as sol vi 
in other systems (e.g. magnetite-hercynite), and it may be necessary to 
use indirect methods (e.g. thermodynamical calculations) to determine 
the nature of the titanomagnetite solvus more accurately. With respect 
to thermodynamical calculations, R. Powell (personal communication) has 
found that a best fit, to the thermodynamical data of the iron-titanium 
oxides, is obtained by adopting a consolute temperature of 44o 0 c for the 
ti tanomagneti te sol vus. This finding is in good agreement with the 
findings of the experiments performed during the course of this present 
study. 
I 
I, 
I 
11 
6.1 Introduction 
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Chapter 6 
Exsolution in Titanomagnetites as an 
Indicator of Cooling Rates 
The scale of the ex solution textures developed in materials, has 
been traditionally used as a qualitative indicator of the rate at which 
the materials, bearing the microstructures, cooled. More recently, 
however, efforts have been made to quantify the cooling rates, which 
were prevalent during the growth of these exsolution microstructures 
(e.g. Gold stein and Short , 196 7; McConnell , 1975; Yund et al. , 197 4) . 
In order to achieve this quantification, a model for microstructural 
development must be established, and data on the parameters controlling 
the formation of the ex solution textures must be available. In the 
previous chapters, the mechanisms of formation of the exsolution derived 
microstructures in titanomagnetites, and the pertinent phase and kinetic 
data, have been outlined. In this chapter, a mathematical kinetic model, 
intended to describe the growth of the titanomagnetite exsolution tex-
ture, will be advanced. This model will be used to obtain quantitative, 
or at least semi-quantitative, values for the cooling rates of several 
igneous intrusions, from the scale of the ex solution texture developed 
in their titanomagnetites. 
Perhaps the most important of the recent attempts to obtain 
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quantitative, cooling rate data, from mineral microstructures, are those 
of Wood (1964), Goldstein and Ogilvie (1965), Goldstein and Short (1967) 
and later authors ( see Moren ( 1978) for a full bibliography). These 
authors have used the available diffusion and phase data for the Fe-Ni-P 
system, to obtain cooling rates of · iron meteorites from the width of 
kamacite lamellae, and the Ni concentration profiles within the lamellar 
and matrix phases, which form the Widmanstatten structure, developed in 
so many Fe-Ni meteorites. The cooling rates of the meteorites were 
obtained by solving an equation describing the diffusional development 
of the kamacite lamellae, usually by numerical methods (e.g. Goldstein 
and Short, 1967), and because of the accuracy of the available diffusion 
and phase data, errors of less than 50%, in the calculated cooling 
rates, were claimed. Miyamoto and Takeda (1977) have modelled the 
development of exsolution lamellae in some clinopyroxenes, and have 
obtained cooling rates for several stony meteorites. They did not solve 
their model entirely numerically, however, but used various approxima-
tions to obtain a semi-analytical solution to their diffusion-based 
kinetic model. The cooling rates, which they calculated, are 
correspondingly less accurate than those calculated by Goldstein and 
Short (1967). Other cooling rate calculations, which have been performed 
(e.g. McConnell, 1975; Yund et al . , 197 4) , however, have tended to be 
based upon more emp1i1rical rate laws, rather than upon models describing 
the exsolution -mechanisms. 
In this chapter, both numerical solutions and approximate, analytic 
solutions to the diffusion equation will be used to evaluate the cooling 
rates of titanomagnetites from the scale of their exsolution microstruc-
tures. The quality of the available diffusion and phase data is not 
sufficently high, however, to enable the full scope of the numerical 
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evaluation of the diffusion-based kinetic model to be realized. 
Nevertheless, its use enables the appropriateness of the approximations, 
which will made to obtain an analytic solution, to be tested. 
The specific examples used in this chapter, to illustrate the use of 
titanomagnetite exsolution microstrlictures as indicators of cooling 
rates, will be taken from the Skaergaard intrusion of E. Greenland, the 
Mt. Yamaska intrusion of Quebec and the Taberg intrusion of S. Sweden. 
In order to ensure that the values of the cooling rates calculated for 
these bodies are physically reasonable, the calculated cooling rates 
will be compared with cooling rates calculated by modelling the heat 
flow from the intrusions, as they cooled. Norton and Taylor (1979) have 
carried out detailed heat flow (with ground-water convection) studies of 
the Skaergaard intrusion, while the smaller and simpler Taberg and Mt. 
Yamaska intrusions will be modelled by the heat flow solutions for 
simple bodies, given by Carslaw and Jaeger (1959) and Crank(1956). 
6.2 The kinetic model 
As discussed in Chapter 4, the development of a coarse microstruc-
ture is a complex process, involving variations in the growth rates of 
particles, as some particles impinge on each other, and as some are 
resorbed. It is currently not possible to outline a detailed kinetic 
model to describe all of these processes in three-dimensional, framework 
structures. Graham and Kraft ( 1966), and Lifshitz and Slyozov ( 1961) 
have developed models to describe the isothermal coarsening of linear, 
eutectic intergrowths and particle arrays. However, it is far from clear 
whether their models can be extended to describe the development of 
three-dimensional, interconnecting lamellar microstructures, similar to 
11 1 
I 
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those developed by ti tanomagneti tes. In cooling systems, the rate of 
development of microstructures is a complicated function of both surface 
and chemical free energy changes, but it is generally assumed that the 
chemical free energy changes play the dominant role, except, perhaps, 
for very slowly cooled syst ems. This assumption is based upon the rela-
tive magnitudes of the energies involved in chemical and surface energy 
driven processes (Chapter 4). Fol l owing the treatment used by Goldstein 
and Short (1967), therefore, the model used in this chapter, to describe 
the development of exsolution microstructures in titanomagnetites as a 
whole, will be based simply on the growth of ulvospinel lamellae. This 
model ignores the resorption (and surface energy) effects, and simply 
describes the diffusion-controlled, isobaric growth of a plane fronted 
precipitate, with time dependent boundary conditions. In addition it is 
assumed that;-
i) the ulvospinel lamellae grow along a plane front (and not by 
ledge migration (Chapter 4)). 
ii) the interface compositions of the ulvospinel and magnetite-rich 
phase are given by the equilibrium phase diagram. 
iii) the molar volume difference between ulvospinel and magnetite 
can be neglected. 
Compared with some of the features discussed in Chapter 4, a model 
of this type is extremely naive. However, such a model has been used by 
Goldstein and Short (1967) and others, with some success, in the no less 
complex Fe-Ni-P system, and so it is suggested that this model should 
give, at least semi-quantitative, cooling rate data in this present 
study of titanomagnetites microstructures. 
An ulv6spinel lamella, such as the one described above, is expected 
to grow, in time (t) and space (x), in a way illustrated in figure 5.1. 
Figure 6. 1 
Typical lamellar and matrix compositional profiles calculated by the 
numerical evaluation of the diffusion equation. The model allows for the 
impingement of the diffusion field of adjacent lamellae, and assumes 
that there is no mass flow across the centre of the lamellae or matrix 
phases (i.e. dc/dx=O at A and B). 
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Initially, the lamella ' has a small, finite width, and is set within a 
virtually homogeneous matrix. With time, the concentration gradients 
within the lamella and matrix change as the lamella grows. The evolution 
of the concentration gradients is a function of the increasing diffusion 
distance and of the changing equilibrium composition of the lamellar-
matrix interface , as the system cools. At low temperatures, the 
gradients within the lamella and the matrix cannot equilibrate, because 
of the slowness of diffusion at these temperatures, and stranded 
profiles are retained in both phases. 
As discussed in Chapter 4, the growth of ulvospinel lamellae can be 
described, in terms of composition (c) and diffusion coefficent (D), by 
Fick's second law of diffusion;-
ac -
~-
~ (o k) 
~x ax 
6. 1 
Analytic solutions to Fick's second law are available for many sets 
of boundary conditions. However, no analytic solution is available for 
non-isothermal, lamellar growth, which requires a moving interface and a 
diffusion coefficent whi~h varies as a function of time (for non-
"' isothermal growth, Dis a function of temperature (T), and hence time). 
Solutions to equation 6 .1, with the above boundary conditions, may be 
obtained, however, numerically or, by making suitable approximations, 
the equation and boundary conditions can be modified, so that an 
analytical solution is possible. 
discussed below. 
Both these techniques will be 
[ I 
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6.2.1 Numerical solutions 
Numerical solutions to the diffusion equation, describing lamellar 
growth, have been obtained by using a computer program, kindly provided 
by Prof J.I. Goldstein. The program originally written to model Fe-Ni 
interdiffusion and the development of Widmanstatten structure in 
meteorites, has been modified in this present study to model Fe-Ti 
interdiffusion in titanomagnetites, during the growth of ulvospinel-rich 
lamellae. The essential nature of the program has been described in some 
detail in Goldstein and Short (1967), but its mathematical basis will be 
briefly reviewed here. 
The program has been written to model the one-dimensional growth of 
a lamella into a matrix, allowing for the possible overlap of the 
diffusional fields of adjacent lamellae. It is assumed that no flow of 
material occurs across the centre of the lamellar phase, or across the 
centre of the matrix phase, between two adjacent lamellae (figure 6.1). 
In order to model the growth of the lamellar phase, and the variation of 
the concentration profiles within the lamellar and matrix phases with 
time, equation 6. 1 is solved by a numerical method ( Crank, 1956), in 
which the partial derivatives of equation 6 .1 are replaced by finite-
difference equivalents. This enables the size of the lamella, and the 
compositional profiles, to be calculated at successive, small time (and 
hence temperature) increments . In this method, each phase is divided 
into a number of grid points, with a separation 6 x, and the change in 
the composition (c) at each grid point (m) ii calculated successively 
m 
for each time increment (n_t_t). The exact change in the cqmposition at a 
grid point, after a time increment of 6 t, is calculated by replacing the 
partial derivatives in equation 6. 1 by the following finite-difference 
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equations (Crank, 1956); -
~c cn • 1 _ en 
= m m 
'o t I::, t 
0 e en ~ en 6.2 m•1 m-1 
~ x 
Z /:,.X 
z 
en Zen c!1 6 C -
= m•l m m-1 
'o xz 
z !;;x 
where the suffix m corresponds to a grid coordinate, and the index n 
corresponds to a time increment. The effect of cooling upon lamellar 
growth is introduced by considering the changing lamella-matrix 
interface composition, according to the phase diagram, at each new time 
step. By performing mass balance calculations on the system as a whole, 
the increase in the lamellar half-width, !:,. W, at the end of each time 
increment, can be calculated. In this way, the overall evolution of the 
growing lamella can be modelled. 
In order to evaluate the program, the following in-put parameters 
are required;-
i) the phase relations, in a parameterized form, as a function of T 
and composition. 
ii) the parameterized form of the diffusion coefficent, as a func-
tion of T. 
iii) the bulk composition of the system. 
iv) the spacing between adjacent ulvospinel lamellae. 
v) the temperature ( T N) , at which unmixing started. 
vi) the cooling rate of the system. 
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The program once run, produces the following out-put;-
i) the intermediate lamellar widths, and compositional profiles, in 
both the lamellar and matrix phases. 
ii) the final lamellar width and compositional profile, which is 
obtained when the diffusion rate is so slow as to prevent any further 
microstructural development (Goldstein and Short ( 1967) reported that 
80% of lamellar growth had occurred within 50°c of TN). 
In the study performed by Goldstein and Short ( 1967), neither the 
initial temperature (TN), nor the cooling rate (s) of the systems were 
known. Consequently, the value of both of these parameters had to be 
estimated by a series of trial and error calculations, which proceeded 
approximately as follows;-
i) trial values of both TN and s were adopted, and a profile and 
lamellar width were calculated. 
ii) TN was varied, until the calculated lamellar width corresponded 
to that of the measured lamellar width. 
iii) using the 'best-fit' value of TN, s was varied until the 
calculated compositional profiles in the matrix and the lamellar phases 
matched the measured profiles. 
This technique, however, could not be fully adopted in the calcula-
tion of the cooling rates of the titanomagnetites from their exsolution 
microstructures, because, al though composition profiles were available 
from analytical ' TEM, the phase data were not sufficently accurate to 
justify a profile-fitting technique. 
6.2.2 Analytic solutions 
Jost (1952) outlined the exact solutions of the diffusion equation , 
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for the isothermal growth of a lamella into an infinite matrix phase. As 
discussed in Chapter 4, the lamellar half-width (W), after a time t, can 
be expressed as;-
w = 2k(ot) 0· 5 
where k is the solution of;-
C C 
o. ()1 = 
~1 2 
ii k exp[k J erfc[ kl 6.4 
C 
-
C 
l rn 
where c is the composition of the matrix phase at the planar interface, 
m 
c1 is the interfacial composition of the lamellar phase, and c0 is the 
bulk composition of the oxide. 
For a non-isothermal system, however, D is a function oft, and the 
above solution is no longer valid. As pointed out by Miyake and 
Goldstein (1974), Armstrong (1958) has suggested that for systems, which 
have c1 and 
expressed as;-
c independent 
m 
w2 
of T, the lamellar half-width can be 
6.5 
The evaluation of the above integral involves yet another assump-
tion, however, ·concerning the dependence of T on t during the cooling 
process. For mathematical convenience, Goldstein and Short (1967) 
assumed an exponential cooling relationship;-
6.6 
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over the temperature range of interest. Although such a cooling rela-
tionship may not be physically realistic over a large temperature range, 
its use in cooling rate calculations does not introduce significant 
errors. As stated above, most (>80%) microstructural growth occurs 
within 50°c of TN, . and over this range, the difference between an 
exponential (or even linear) cooling relationship and the probable, 
natural T-t relationship is small. In fact, Elphick (1977, and personal 
communication) has shown that it is virtually impossible to distinguish 
between microstructures which have formed during exponential cooling, or 
linear cooling;-
T = TN - st 6.7 
or even when a reciprocal relationship exists between T and t;-
1 IT = 1 IT N + kt 6.8 
On this basis, therefore, a linear cooling relationship was adopted 
in the evaluation of equation 6. 5, since its use produces a 
mathematically tractable integral, while the use of the other T-t rela-
tionships produce less convenient integrals. It is important to note 
that since the lamellar half-width, in equation 6.5, is dependent upon 
the integral o~ the diffusion coefficent, with respect to time, it is 
not possible to deduce the exact thermal history of materials, which 
have undergone a complex T-t path, and only average thermal histories 
can be obtained for these materials. 
By adopting the T-t relationship in equation 6.7, the lamellar half-
width, after a time t, can be expressed as;-
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w2 6.9 
where sis the cooling rate, and TN is the temperature at which exsolu-
( -1 tion first occurs. By expanding the term TN - st) by the binomial 
the lamellar theorem, and retaining only two terms (Armstrong, 1958) , 
half-width can be expressed as;-
w2 2 2 = 4k RT D exp{-6E/RTN}( 1 - exp[stL!.E]) 6. 10 
. . N o z 
RT w sll.E 
2 Armstrong also showed that exp(-s ll.Et/RTw)«1, so that the lamellar 
half-width can be conveniently expressed in terms of the cooling rate, 
s, thus;-
w2 6. 11 
Thus, from known or measured values of k, TN' D
0
, ~ E and W, a value 
of s (in units of 0 c per sec) can be calculated. 
As pointed out above, this approach is only strictly valid if k is 
not a function of T. In a system with a symmetric solvus, this condition 
is only true at the centre of the sold solution (i.e. at c = 0.5, where 
0 
c is expressed in terms of mole fractions). However, k is only a slowly 
varying function of T in the range 0.3<c<0.7, and so the errors 
introduced by making the approximation that k is independent of T, are 
small. 
I 
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6.3 The cooling histories of three intrusions 
In this section, the cooling rates, at the time of the development 
of the titanomagnetite exsolution microstructures, of the Taberg, 
Skaergaard and part of the Mt. Yamaska intrusions, will be calculated 
using the kinetic model and the diffusion and phase data outlined above, 
from the widths of the ulvospinel lamellae, which comprise the exsolu-
tion texture. The Taberg and Skaergaard intrusions have been chosen 
because they are both relatively simple intrusions, the thermal 
histories of which can be modelled by heat flow techniques, and compared 
with those obtained from the ex solution based model. These specimens 
have the disadvantage, however, of carrying microstructures which show 
signs of coarsening under the partial influence of surface energy 
(magnetite-rich plates have developed (Chapter4)). Thus, in addition to 
these specimens, an analysis of the thermal history of part of the Mt. 
Yamaska intrusion has also been included, since the titanomagnetites 
from this intrusion have a simpler microstructure, which is thought to 
have developed mainly under the influence of chemical free energy 
changes, but the intrusion as a whole has a more complex thermal 
history. 
The Taberg intrusion is a body of ellipi teal cross-section ( O. 9 x 
0. 6 km), situated to the south of Lake Vat ten, Sweden, and has been 
previously described by Hjelmquist ( 1949). The intrusion is largely 
composed of a feldspathic magnetite-peridotite, which appears to have 
been intruded into the gneissic country rock in' a single, igneous event. 
A small, hornfels contact aurole, of width less than 150m, is exposed 
around part of the intrusion. The ti tanomagneti tes studied were taken 
from the centre of the intrusion and have a composition with an 
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ulvo'spinel :magnetite ratio of 47: 53 ( it being assumed that all other 
spinel phases have been partitioned into the pleonaste lamellae, which 
have also developed in this oxide). The detailed nature of these 
titanomagnetites has been discussed in Chapters 3 and 5. 
The ti tanomagnetites studied from the Skaergaard intrusion (Wager 
and Deer, 1939; McBirney et al., 1979) came from an olivine-poor gabbro 
(no. 118792) from the Lower Zone of the intrusion, on Kraemer's Island. 
The titanomagnetite showed a relatively coarsely developed cloth-texture 
(figure 6. 2), and showed slight signs of low temperature 
titanomaghemitization. From an extensive study of the specimen, by TEM 
and optically, the median lamellar half-width of the exsolved 
ulvospinel-rich phase, appeared to be 0.15 µm. The analysis of the 
oxide, Table 6. 1, indicated a bulk Fe2Ro4 : M,X2o4 ratio of 42: 58. Since 
there were no exsolution lamellae of pleonaste visable in this specimen, 
this ratio was taken as the 'ulvospinel:magnetite' ratio. 
The microstructure developed in the Skaergaard titanomagnetites 
shows no interaction with the grain boundaries, and it is therefore 
thought to have resulted from the coarsening of a spinodal texture . 
Similarly the microstructure developed in pleonaste-bearing 
titanomagnetites from Mt. Yamaska, is thought to have formed by spinodal 
processes (Chapter 3). The samples studied came from a yamaskite rock, 
which formed part of a dyke associated with this small, complex intru-
sion in Quebec. -The titanomagnetites have an ulvospinel:magnetite ratio 
of 48:52, and a typical ulvospinel lamellar half-width of 0.015µm. 
In order to obtain the cooling rates of these intrusions at the 
temperature of exsolution , the kin~tic model outlined above was 
evaluated both numerically and by the approximate, analytic solution. 
Table 6.1 
The mean analysis of titanomagnetites from a Sl-raergaard rock (no.118792). 
Si02 
o. 24 
!I 
Ti02 
14. 71 
Al 2o3 
3.25 
Fe 2o3 
35.27 
I 
Cr 
2
o3 
0.17 
V203 
2.42 
l 
I 
I FeO 
45.12 
MnO o. 26 
MgO 0. 54 
Total 101.98 
MgA1 2o4 
3.11 !) 
FeA1 2o4 
4.20 
FeCr 2o4 
0.26 
Fe 3o4 
50. 30 
11 
Fe
2
Ti04 
42.14 
'[ 
11 
Figure 6.2 
a) Reflected light micrograph of the cloth-texture in 
ti tanomagneti tes from the Skaergaard. The section of the crystal is 
nearly normal to [111] . 
b) Electron micrograph of the cloth-texture developed in the same 
sample of titanomagnetite from the Skaergaard (here the section is close 
to [ 100]) The central ul vospinel lamella appears to have developed a 
semi-coherent interface with the magnetite-rich blocks, in keeping with 
its relatively large size. 
200nm 
·-- ·---------
I 
I 
I 
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6.4 Results 
6.4.1 Numerical evaluation 
In order to solve the finite difference form of the diffusion equa-
tion for lamellar growth, the following proceedure was adopted;-
i) tne ulvo'spinel:magnetite ratio of the oxide was determined. 
ii) the temperature at which spinodal decomposition of the oxide 
would commence was calculated, using the equation outlined in Chapter 5. 
iii) the ulvospinel lamellar width, and interlamellar spacing was 
measured from an electron micrograph. Several pairs of values were 
obtained and used in the- calculations. 
iv) these parameters, along with a trial cooling rate, were fed into 
the computer program, and a lamellar half-width was calculated. 
v) the calculated half-width was compared with the measured lamellar 
half-width, and the cooling rate adjusted (and the calculations 
repeated) until the measured and calculated half-widths agreed to within 
5%. 
vi) where possible, the calculated composition profiles were 
compared with those measured by analytical TEM. 
The values of the parameters used to calculate the cooling rates of 
the Taberg and Skaergaard intrusions and the yamaskite dyke, are given 
in Table 6.2 : The average cooling rates calculated from these 
parameters, corresponded to a cooling rate for the Taberg intrusion, at 
0 652K, of 120 C per 1000 years; to a cooling rate for the Skaergaard 
0 intrusion, at 638.5K, of 14 C per. 1000 years; and to a cooling rate for 
the yamaskite dyke of 6700°c per 1000 years. 
The composition profile measured within an ulv6spinel-rich lamella 
Table 6.2 
Values used in the numerical evaluation of the diffusion model. 
Taberg Skaergaard Yamaskite 
Mole fraction 47:53 42:58 48:52 
ratio, U:M 
Initiation 652 638 652 
temperature (K) 
Half width (cm) 0.9 X 10-
5 1.5 X 10-5 0.15 X 10-
5 
Interlamellar 2.5 
-5 4. 5 .x 10-5 0.41 X 
-5 
X 10 10 
spacing (cm) )(O·S 
Cooling rate 140 10 6000 
0 y) ( C per 1000 
Half width (cni} LOX 10-
5 1. 2 X 10-5 . 0.12 X 
10-5 
Interlamellar 3.0 X icr 5 3.7 X 10-5 0.30 X 10-5 
spacing (cm) ,.o.~ 
Cooling rate 100 17 7500 
0 ( C per 1000 y} 
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from the Ta berg specimen, i.s shown in figure 6. 3. The composition was 
measured using a small electron spot size, and the compositions were 
calculated, from the measured X-ray intensities, by the method outlined 
in Appendix 1. The relative positions of the analysed points were 
obtained from the contamination spots, which developed on the lamella 
during analysis. The agreement between the calculated and measured 
profiles ( figure 6. 3) is good, considering the uncertainties in the 
original titanomagnetite phase data. The agreement between the measured 
and calculated profiles in the magnetite-rich phase is less good, 
however, and may reflect the effect of another ulvospinel-rich lamella 
upon the magnetite-rich region. 
6.4.2 Analytic evaluation 
The rates of cooling of the three intrusions were calculated by 
evaluating s from equation 6.11, using the values of TN' D
0 
and 6E used 
in the evaluation of the numerical solution, and median values of W, 
obtained from several measurements of electron and optical micrographs. 
Values of k were obtained from the bulk composition of the oxides, and 
the equilibrium composition of the coexisting oxides at the temperature 
of unmixing. (Values used in these calculations, and their estimated 
uncertainties, are given in Table 6.3) 
The cooling rates of the Taberg, Skaergaard and yamaskite intrusions 
0 0 
were calculated to be 135 C per 1000 years, 10,7 C per 1000 years and 
0 4870 C per 1000 years respectively. Considering the uncertainties in the 
calculations (section 6.4,3), the agreement between the results of the 
approximation and numerical techniques is excellent. It is consequently 
suggested that the approximations made in the derivation of equation 
Figure 6.3 
A plot of the calculated composition profile within an ulvospinel 
lamella from the Taberg, is compared with the compositions measured by 
analytical TEM. The relatively coarse-scale diameter of the electron 
beam used in the analysis means that a definative comparison between the 
calculated and measured profiles cannot be made. The results are, 
however, in fair overall agreement within the lamellar phase, al though 
the agreement within the magnetite phase is less good. 
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6.11 are valid, at least for the examples considered here. 
6.4.3 Assessment of errors 
The errors associated with the calculations outlined above, arise 
from two main sources;-
i) from the uncertainties in the measurement of parameters, such as 
the lamellar half-width, diffusion coefficent etc. 
ii) from the uncertainty in the estimate of the consolute tempera-
ture of the titanomagnetite solvus. 
i) The magnitude of the errors resulting from the uncertainties 
involved in the measurement of the parameters used to calculate the 
cooling rates of the Taberg, Skaergaard and yamaski te intrusions, are 
similar to those outlined in Chapter 5, associated with the evaluation 
of the Fe-Ti interdiffusion parameters, and are shown in Table 6.3. The 
estimated errors in the value of the logarithum of s (the cooling rate 
in °c per sec) , calculated from the approximation technique, is ±0. 58, 
for the Taberg and the yamaskite intrusions, and ±0.63 for the 
Skaergaard intrusion . Thus, the expected range in the calculated cooling 
rate for the Taberg intrusion is between 230 and 8o 0 c per 1000 years; 
for the yamaskite dyke it is between 8700 and 2700°c per 1000 years ; 
and for the Skaergaard intrusion the expected range is between 20.2 and 
5.7°c per 1000 years. A similar range of uncertainty is expected for the 
cooling rates obtained from the numerical evaluation of the diffusion 
model~ 
ii) As stated in Chapter 5, the value of the consolute temperature 
Table 6 . 3 
Values of the parameters used to calculates. 
Taberg Skaergaard Yamaskite 
K 0 . 35 ±0 . 03 0.25 ±0 . 03 0 . 35 ±0 . 03 
ln(K2 ) -2.10 ±0.17 - 2 . 77 ±0 . 21 -2.10 ±0 . 17 
l.rn (kcal mole -1} 49 . 8 ±1. 5 49.8 ±1. 5 49 . 8 ±1. 5 
ln( tiE) 10. 8 ±0.05 10.8 ±0.05 10 . 8 ±0 . 05 
ln(D) -43 . 9 ±0 . 06 -45.4 ±0.07 -43 . 9 ±0.06 
ln (W 2 ) -23.2 ±0. 3 - 22 . 2 ±0.3 - 26.8 ±0 . 3 
ln(S) -19.3 ±0 . 58 -21.8 ±0.63 -15. 7 ±0.58 
0 
SMIN ( C per 
1000 y ) 
75.5 5 . 72 2700 
241.0 20.2 8700 
s 135.0 10. 7 4870 
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of the titanomagnetite solvus is known to be less than 455°c and, from 
thermodynamic data, may be approximately 44o 0 c. However, as this 
temperature has not been strictly defined, it must add to the 
uncertainty in the calculated cooling rate values. The values of the 
cooling rates calculated above are, therefore, likely to be maximum 
cooling rates since, if the solvus crest is at a temperature lower than 
450-44o 0 c, the calculated cooling rates would all be smaller than those 
values quoted above. A lowering of the temperature of the solvus crest 
by 10°c, produces a decrease in the calculated cooling rate of a factor 
of two. 
6.5 Heat flow models 
Norton and Taylor (1979) have studied several models of the magma-
hydrothermal system of the Skaergaard intrusion, and have obtained 
quantitative predictions of the variations of temperature with time 
within the intrusion, as well as reproducing the likely oxygen isotope 
variation within the intrusion and country rock. They found that for 
their model (S1), the average cooling rate of the intrusion, at tempera-
tures of 0 0 400 C, was 2.2 C per 1000 years. However, for a region in the 
Middle Zone of the intrusion, near the margins of the intrusion (a 
similar location to that of the Skaergaard specimen studied above), they 
0 
calculated that the cooling rate varied from 15 to 3 C per 1000 years, 
in the temperature range 550 to 375°c. Applying another model (S2) to 
the system, they found that the cooling rates in this region were, 
however, uniformally 2-3°C per 1000 years. Considering the uncertainties 
in the microstructurally-based kinetic model outlined above, the cooling 
rate of the Skaergaard intrusion , calculated from the scale of the 
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titanomagnetite microstructure is in fair agreement with that calculated 
by Norton and Taylor (1979). 
The thermal history of the Taberg intrusion can be modelled (but 
with less accuracy than that of the Skaergaard) by solving the heat flow 
equation for a cylindrical body. Al though the Taberg is not perfectly 
circular in cross-section, the heat flow solution for a cylinder will at 
least be a reasonable approximation to the conductive heat loss of the 
Taberg intrusion, as it cooled from magmatic temperatures. This model 
does not take into account the loss of heat by hydrothermal convection, 
which may cause a body to cool at a rate which is about twice as fast as 
it would be, if it had cooled simply by convective heat loss (Norton and 
Taylor, 1979). 
The solution to the heat f l ow equation from the core of a cylinder, 
is given by Crank (1956) as;-
6. 12 
where T is the temperature at the centre of the cylinder, after time t, 
T is the initial temperature difference between the the cylinder and o . 
its surroundings, a is the radius of the cylinder and k is the 
diffusivity, which typically for rock is equal to 0.012cm2s- 1 (Carslaw 
and Jaeger, 1957). From equation 6.12, the cooling rate of the centre of 
a cylinder can be shown to be;-
2 dT = -4T0 ~(J: - 1)[1n(1-I_)] 
d t a 2 \ T0 
6. 13 
Assuming that the initial temperature of the intrusion was 1100°c, 
and that of the country rock was 0 100 C then, fo r cylindrical intrusions 
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of radii 0.3 and 0.45 km (the limiting radii of the Taberg intrusion), 
the cooling rates at 380°c (TN for exsolution) 
1000 years respectively. 
are 
0 233 and 104 C per 
This range of cooling rates is in excellent agreement with the 
values obtained from the scale of the micro structure developed in the 
titanomagnetites from the Taberg intrusion. The agreement between the 
cooling rates calculated from the kinetic model and the heat flow model, 
is perhaps fortuitously good, in light of the approximate nature of the 
heat flow calculation. A better comparison could be made if a more 
realistic model for the cooling of the Taberg intrusion could be made. 
Similar calculations to those above can be made to estimate the 
expected cooling rate of the yamaski te dyke from Mt. Yamaska. 
Unfortunately, the exact size of the dyke, from which the specimen was 
taken, is unknown. However, dykes in this area are generally less than 
50m wide. Jaeger ( 1957) has calculated the likely cooling curves for 
dykes of various thicknesses and, from his graphs, it is expected that 
the cooling rate of a dyke, at about 500-300°c, is given by;-
dT/dt 6 2 : -8. 3 X 10 /d 6. 14 
where dis the dyke thickness, in meters. For a dyke of 50m width, the 
cooling rate, at 4oo 0 c, is likely to be approximately 3300°c per 1000 
years; again a result in good agreement with the cooling rates 
calculated from the titanomagnetite microstructures. 
Thus, al though the above cooling calculations, involving heat flow 
modelling, are of varying sophistication, it appears that they are in 
broad agreement with the cooling rates calculated from the scale of 
titanomagnetite microstructures. This agreement may be, to some extent, 
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fortuitous, considering the approximations made in both types of 
calculations, nevertheless, it is has been shown that the cooling rates 
calculated from ti tanomagneti te microstructures are, at least, semi-
quantitative. Perhaps further progress could be made in the field of 
modelling microstructural development, if a detailed, systematic study 
of the titanomagnetite microstructures developed in oxides from a 
specific, well characterized intrusion (e.g. the Skaergaard) was 
performed, and the variation of the microstructures observed correlated 
to the expected variations in the cooling rates within the intrusion. 
6.6 Assessment of the kinetic model and its solutions 
There are three points to be examined in this section;-
i) how well the proposed model actually describes the development of 
the titanomagnetite microstructure. 
ii) whether the approximate, analytic evaluation and the numerical 
evaluation of the kinetic model produces realistic values for cooling 
rates. 
iii) if the approximations made in developing the analytic solution 
are valid, what advantages does its use have over the numerical 
technique? 
6.6.1 The suitability of the proposed model 
As suggested above, the model proposed, namely that the evolution of 
a complex, three-dimensional microstructure, can be described by the 
growth a simple lamella, into a matrix phase, is highly unrealistic. 
However, it is currently not obvious how a more sophisticated model 
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could be developed . The major problems in developing a more accuate 
model lie in i) modelling three-dimensional diffusion fields, and ii) 
determining the relative importance of chemical and surface energy 
driving forces, in cooling systems. As discussed above, it would seem 
reasonable that the chemical free energy would serve as the major 
driving force for microstructural change, when cooling rates were rela-
tively rapid and overall chemical equilibrium was never approached. 
Surface energy, however, would be expected to be more important in the 
later stages of growth, in more slowly cooled systems. It is not 
currently possible to quantify the relative importance of these effects. 
However, their role should always be borne in mind when the kinetic 
model is applied to oxides from more slowly cooled sysyems. 
In addition to the short-coming of ignoring surface energy effects, 
a major assumption, made in this model, is that one-dimensional lamellar 
growth proceeds at similar rates to that of three-dimensional 
microstructural development. In theory, the growth of three, mutually 
orthoganal planar lamella should be modelled, in order to reproduce more 
accurately the development of the titanomagnetite microstructures (this 
would still ignore the effect of lamellar resorption during coarsening). 
A calculation of this sort would, however, be mathematically very 
complex. Thus, it is concluded that the model adopted in this study is 
not entirely satisfactory, yet from the results of previous studies and 
from the findings · of this study, it appears that this simple model can 
produce reasonably accurate results . 
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6.6.2 Limitations of the analytic solution 
From section 6.5, it appears that both the numerical and the 
analytical solutions to the kinetic model produce results, which are in 
good agreement with other techniques for estimating thermal histories, 
despite two of the samples showing signes of having coarsened under the 
partial influence of surface free energy. In deriving the analytic 
solution to the diffusion based model, several approximations were made, 
however, which are unlikely to be strictly valid (e.g. k independent of 
t). The only real test of the overall validity of the analytic solution, 
is to compare the results obtained from it with those obtained from 
other sources, including the numerical evaluation of the diffusion equa-
tion and the evaluation of the heat flow equation. From the results 
calculated above, it appears, therefore, that the approximations made in 
obtaining the analytic solution were indeed valid. 
6.6,3 The advantages of the numerical and analytic solutions 
To obtain values of s, the cooling rate, from the numerical evalua-
tion of the diffusion equation, requires a number of relatively long and 
complex computer calculations to be performed. The cooling rate can, 
however, be calculated rapidly from the approximation solution, and from 
comparison of - the solutions obtained from the two techniques, the 
accuracy of the analytic equation is good . Thus, for simplicity, the 
analytic solution may be used to calculated cooling rates. The numerical 
solution, however, offers the oppotunity to study the evolution, with 
time, of the compositional profiles within the lamellar and matrix 
phases. 
I 
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6.7 Conclusion 
The kinetic model derived in this and earlier chapters, to describe 
the growth of lamellae of ulvospinel from unstable titanomagnetite solid 
solutions during continuous cooling, has enabled cooling rates to be 
calculated for the Skaergaard, Taberg and a yamaski te intrusions. The 
calculated values of the cooling rates of these intrusions are in good 
agreement with values calculated from heat flow models. The accuracy of 
the cooling rates calculated from the scale of the titanomagnetite 
microstructure could be improved, by having more strictly defined 
kinetic and phase data for the system and by developing a more realistic 
kinetic model. 
Al though, in this study, the kinetic model has been applied to 
titanomagnetite microstructures, there is no reason why it should not be 
applied to other mineral systems, given that suitable phase and kinetic 
data exist for them. However, it would be important to ensure that the 
approximations made in the derivation of the model were valid for the 
system to which the model was to be applied. 
EPILOGUE 
-170-
Chapter 7 
Epilogue 
In previous chapters, the wide range of possible applications of 
transformation process theory and TEM to earth sciences, has been 
outlined. The combination of observation, experiment and theory has 
proved to be of particular importance in obtaining information on the 
time-temperature-pressure history of rocks containing olivines, pyrox-
enes and titanomagnetites. In the future, similar studies on other 
mineral systems will also provide quantitative data on the history of 
rocks and minerals from a very wide range of geological environments. 
In this final chapter, however, some of the specific questions raised as 
a result of the observations made on the transformation of olivines, 
pyroxenes and titanomagnetites, will be discussed, and possible avenues 
for further research will be outlined . 
7.1 Shock effects in silicates 
i) The nature of shock produced phases. Prior to this investigation, 
no clear mechanism had been advanced, to describe . the formation of high-
density silicate phases during shock processes. Observations, made by 
TEM, of the Tenham meteorite, however, have shown that when no struc-
tural similarity exists between the high- and low-density phases, shock 
induced phase transformations appear to occur via a metastable, amor-
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phous reaction intermediate, termed a prograde glass. TEM also revealed 
the presence of a retrograde glass. Experimentally produced glasses 
have been inferred to be prograde glasses. 
Hugoniot curves for shocked olivines, indicate that at least 60% of 
the olivine should be transformed to its high-density polymorph, on 
shock to 560 kbar, (Jeanloz, personal communication, 1980). TEM examina-
tion of the shocked olivine, however, reveals that only 2% of the 
olivine has been transformed to glass, and that the remaining olivine 
appears deformed, but untransformed. Although Jeanloz (1980) has 
proposed a tentative model to describe what happens to olivine during 
shock, no detailed insight into the processes which occur in the 'two-
phase' field of the Hugoniot, is available. Obviously, the nature of 
shock-compressed, but untransformed, phases needs further study. 
ii) Applications of shock produced data. It has become obvious, that 
shock experiments rarely, if ever, produce equilibrium phases. The 
reduction of Hugoniot data, and its subsequent geophysical applications, 
however, assume strict equilibrium. Consequently, the validity of 
theories, concerning the physical and chemical nature of the deep mantle 
and core, based largely on shock experiments (e.g. Ahrens, 1979), must 
be viewed with caution. The above observations and recent Hugoniot 
studies have shown that it is necessary for more theoretical work to be 
performed on the effect of non-equilibrium processes, on the interpreta-
tion and applications of the results of shock experiments. 
iii) The stability of the fa-phase. TEM studies of the Tenham chon-
drite have shown that there is a tendancy for the (3 -phase to form from 
o -(Mg,Fe) 2srn4 upon quenching. This raises doubts about the true extent 
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of the stability field of the r -phase' as determined by static experi-
ments. Akimoto (1970), and others, recognised the possiblity that the 
p-phase polymorph, produced during high pressure experiments on many 
compounds of the type R2xo4 , may be a metastable quench product. Akimoto 
(1970) claimed to have proved that the f-phase of Mn2Geo4 was, indeed, 
a stable structure (despite its violation of Pauling's Rules), by 
forming it in a reversible manner. The reversibility of a reaction, 
however, is not a criterion for stability (e.g. Putnis, 1978). 
Akimoto and Sato (1975) performed at-pressure, X-ray studies on 
Mn2Geo4 , and observed some X-ray diffraction intensities compatible with 
those of the f -phase. The transformation of the starting olivine phase 
was, however, far from complete (large olivine X-ray diffraction inten-
sities were also found), consequently, it is possible that the observed, 
non-olivine diffraction intensities belonged to a metastable reaction 
intermediate (c.f. the role of anthophyllite in the dehydration of 
talc) . 
Thus in order to avoid some of the ambiguities, encount.ered in the 
interpretation of the results obtained from X-ray and other studies of 
high-densHy phases, a detailed TEM study, of the products of high-pres-
sure experiments, should al so be performed. TEM would reveal textural 
relationships, which may indicate whether the phases involved play the 
role of reaction .intermediates, or whether they are truly stable phases. 
iv) Mantle properties. Whatever the stability of the p-phase, there 
is no doubt that olivine undergoes phase changes, with increased pres-
sure. As discussed above, these phase transformations affect the 
physical and mechanical properties of the mantle. Consequently, in order 
to understand the behaviour of the mantle, it is necessary to have 
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detailed information on the olivine=;(f-phase) =; spinel transformations. 
A full investigation of these transformations (using analogue com-
pounds), would have to study the role of, i) pressure, ii) temperature, 
iii) strain rate, and iv) deformation, on the processes involved. The 
nature of any transformation- enhanced ductility (White and Knipe, 1978), 
would also need to be investigated, because of its bearing on mantle 
rheology. Besides being of interest to mantle properties, however, this 
study would also be of fundamental importance to transformation process 
theory, since the theories descibing pressure and deformation induced 
transformations are only poorly developed . 
7.2 Titanomagnetites 
i) In this investigation a wide range of exsolution derived 
microstructures, developed in titanomagnetites, have been studied, and 
probable mechanisms for their formation have been inferred. The implica-
tions of the microstructures to palaeomagnetism has been outlined, 
however, more detailed investigations are required . In particular, a 
magnetic study of titanomagnetites, with well characterised microstruc-
tures, should be performed, so that the magnetic effect of specific 
microstructural features can be determined. As discussed in Chapter 3, 
oxidation also has a considerable effect on the magnetic properties of 
ti tanomagneti tes, ther efor e, to be able to describe fully the magnetic 
properties of these oxides, detailed TEM studies of both exsolution and 
oxidation derived microstructur es are necessar y. 
i i) The successful applica t ion of t r ansformat i on process t heory in 
developing a kinetic model to descri be the mic r ost r uctural growth of 
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titanomagnetites, has enabled the cooling rates of oxides to be deter-
mined, from the scale of their exsolution textures. The model, however, 
is a simple one, and further work should be carried out to make it more 
realistic . This would require the formation of a theory relating the 
roles of surface and chemical free energy changes during the growth and 
coarsening of three-dimensional framework structures. This theory would 
employ ideas similar to those developed by Lifshitz and Slyozov ( 1961) 
to describe the coarsening of spherical particles, as well as ideas 
relating to diffusional growth. 
To obtain more accurate values for cooling rates from titanomag-
netite microstructures, however, it will also be necessary to determine 
more accurately the kinetic and phase parameters, which control the 
development of these microstructures. These measurements, however, would 
be subject to the difficulties outlined in Chapter 5. 
The kinetic model, which has been developed in this study, has only 
been applied to ti tanomagneti tes. However, there is no reason why it 
should not be applied to other systems (e .g. pyroxenes (Ashworth, per-
sonal communication)) to obtain cooling rate data. In order for this to 
be possible, it is important that the approximations made in deriving 
the kinetic model be applicable to the system to which it is applied, 
and it is also necessary that suitable phase and kinetic data be 
available for that system, even if only semi-quantitative results are 
required. 
7.3 Conclusion 
In the course of this research, transformation process theory has 
been applied to several mineral species, of interest to two, very dif-
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ferent branches of earth sciences, namely palaeomagnetism and shock-in-
duced, high-pressure phase transformations. Both of these disciplines 
employ theories, which are based on untested assumptions concerning the 
behaviour of materials. The observations made in this study have shown 
that an understanding of mineral behaviour is fundamental to the com-
prehension of megascopic phenomena. Indeed, all branches of earth and 
physical sciences, which deal with large-scale processes, need detailed 
information concerning the behaviour of the materials involved, before 
the large-scale phenomena can be completely understood. 
APPENDIX 
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Appendix 
Analytical Electron Microscopy 
Analytical electron microscopy has become a relatively routine tech-
nique in mineralogical investigations (e.g. Pooley, 1977; Nobugai et 
al., 1978), since the theore ,, )tical background to it was developed by 
workers such as Cliff and Lorimer ( 1972) and Goldstein et al. ( 1977) . 
The principle behind this analytical technique is virtually the same as 
that behind electron microprobe analysis, namely a material is analysed 
by measuring the intensity and wavelength of the characteristic X-rays 
produced from it, as it is bombarded by an electron beam. When using an 
electron microprobe, complex corrections need to be made to the 
measured, X-ray data before quantitative results can be obtained, 
however, when thin foils are analysed, it is found that X-ray adsorption 
and fluoresence are negligible, and no complex corrections are required. 
It is much easier, therefore, to convert the measured X-ray intensities 
into chemical compositions when the sample is analysed with an 
analytical electron microscope, than when electron microprobe analysis 
is employed. Quantitative data are generally obtained from the X-ray 
spectra, obtained by analytical electron micros.copy, by performing a 
standard spectrum-stripping, and subsequently applying a ratioing tech-
nique. In this, the characteristic X-ray intensities, I 1 and I 2 , 
produced from a specimen containing atoms of elements 1 and 2 respec-
tively , are r elated to the we1y,J . fractions x1 and x2 by;-
X K -1-
X 
2 
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A 1.1 
where K must be determined for different pairs of elements, by analysing 
known standards. 
The analyses, which are presented in this sEudy, were obtained from 
a Phillips EM400 electron microscope, with EDAX energy-dispersive, 
analytical facilities. The instrument was calibrated against a number 
of accurately analysed, homogeneous silicate minerals, which had been 
previously used in the calibration of several electron microprobes. The 
standards which were used, were crushed grains of the St. John's 
olivine, a wollastoni te and an orthoclase (Table A 1. 1). Calibration 
constants, K, for several elements between sodium and iron were measured 
at an accelerating voltage of 100kV, a beam current of 10pA, a spot size 
of 20nm and a count rate (which is proportional to specimen thickness) 
of 500 counts per sec. The calibration curve which was obtained under 
these conditions is shown in figure A1,1. From this curve, the ratio of 
the atomic fractions of any two atomic species could be calculated from 
the stripped, X- ray spectrum (obtained under the same conditions as used 
to establish the calibration curve) . If stoichiometry was assumed, the 
composition of the analysed phase could be deduced, with an expected ac-
curacy of ±2 mole per cent (Nobugai et al . , 1978). 
Table Al. l 
Analyses of calibration standards (provided by Dr J. V. P. Long) , in wu~IO' ?6. 
Wollastonite Orthoclase Olivine 
Na 1.65 
Mg 29.67 
Al 9.69 
Si 24.00 30. 27 19.08 
K 12.40 
Ca 34.32 
Mn 0.09 
Fe 7 .42 
Ni 0.28 
0 41.68 45. 99 43.46 
Total 100.00 99.80 99.90 
Figure A 1. 1 
A calibration curve of K= (X /X8 . )( 18 . /I ) against K X-ray energy X l. l.X O< 
for a Phillips EM400 with EDAX analytical facilities, operating at 
100kV. 
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